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»Wir sehen in der Natur nicht Wörter,
sondern immer nur Anfangsbuchstaben von Wörtern,
und wenn wir alsdann lesen wollen, so finden wir,
daß die neuen sogenannten Wörter
wiederum bloß Anfangsbuchstaben von andren sind.«
— G. C. Lichtenberg
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Als von Humboldt Ende des 18. Jahrhunderts den Jura, und von Alberti (1834) die Trias in den geolo-
gischen Sprachgebrauch einführten, steckte die Geologie noch in den Kinderschuhen. Die damals
erst am Anfang stehende Globalisierung erlaubte den Naturforschenden zunächst nur begrenzte,
zusammenhanglose Einblicke in die Abschnitte der Erdgeschichte. Stratigraphische Grenzen, sofern
bekannt oder definierbar, konnten nur über kurze Strecken korreliert werden und waren andere
als heute; ihre Dauer war im wesentlichen durch ihren Fossilinhalt abschätzbar. Die Fülle an Er-
kenntnissen, die Möglichkeit zur Verknüpfung von Daten und Belegen im überregionalen, sogar
internationalen Maßstab sind dagegen ein Resultat geologischer Forschung seit Beginn des letzten
Jahrhunderts. Nicht zuletzt wuchsen die Kenntnisse vom Aufbau des Untergrunds, seiner faziellen
Beschaffenheit und stratigraphischen Besonderheiten durch eine Vielzahl von Tiefbohrungen überall
auf der Welt, insbesondere im Verlauf der Suche nach Rohstoffen. Eine veränderte Auffassung von
Prozessen und Gliederungsmöglichkeiten gehört seit jeher zum Wesen der Naturwissenschaft, ganz
besonders in den Geowissenschaften.
Von besonderer Bedeutung im mittleren Abschnitt des Mesozoikums ist der Übergang der höheren
Trias zu den Schichten des Unteren Jura, der nach etablierter Auffassung mit einem deutlichen Fau-
neneinschnitt sensu Massenaussterben einhergeht. Dieser Fauneneinschnitt ist durch das Aussterben
von etwa 20 % aller marinen Familien gekennzeichnet; nach McLeod (2013) verschwanden ca. 90 %
aller Muschel-Spezies (siehe auch Hallam 1981; Allasinaz 1992; McRoberts & Newton 1995; Mader &
Twitchett 2008); ca. 80 % aller Brachiopoden-Spezies; ca. 70 % aller Radiolarien-Gattungen (siehe
auch Carter & Hori 2005; Carter 2007); und ca. 60 % aller Ammonoideen-Spezies, von denen nur
eine Handvoll Gattungen aus der Oberen Trias zum Jura überlebten und dort eine beispielhafte
adaptive Radiation erlebten (siehe auch Sandoval et al. 2001; Dommergues et al. 2002; Guex et al.
2004). An Land verschwanden die großen Crurotarsi (alle Archosaurier, die nicht Dinosaurier sind)
und viele Amphibien; außerdem sind unter den Landpflanzen bedeutende Florenwechsel nachweis-
bar (Knoll 1984; McElwain et al. 1999; Larsson 2009; van de Schootbrugge et al. 2009; Mander et al.
2010; Krupnik et al. 2014; Barbacka et al. 2017). Als signifikante Faktoren für das Massenaussterben
gelten die vulkanische Aktivität in der Central Atlantic Magmatic Province (CAMP) (Hesselbo et al. 2002;
Pálfy 2003; Whiteside et al. 2007; Schaltegger et al. 2008; Schoene et al. 2010; Ruhl & Kürschner 2011;
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Lindström et al. 2015a; Percival et al. 2017; Marzoli et al. 2018), sowie ihre direkten oder indirekten
(Meeresspiegel-bezogenen) Auswirkungen auf das Klima (Simms & Ruffell 1990; Hautmann 2004;
Huynh & Poulsen 2005; Ruckwied et al. 2006; Ruhl et al. 2011; Steinthorsdottir et al. 2011; Bonis &
Kürschner 2012) und die Chemie des Ozeans (Hautmann et al. 2008; Greene et al. 2012; Hönisch et al.
2012; Richoz et al. 2012; Jaraula et al. 2013; Blumenberg et al. 2016). Auch die Rolle von Impakten wird
diskutiert (Olsen et al. 1987; Schmieder et al. 2009). Gleichwohl darf nicht unerwähnt bleiben, dass
manche Autoren die Faunen- und Floren-Veränderungen am Trias-Jura-Übergang im Sinne eines glo-
balen Massensterbens anzweifeln, und das Verschwinden bzw. Entstehen neuer Organismengruppen
als natürlichen evolutiven Prozess deuten, der nicht gesondert hervorgehoben werden muss (Lucas &
Tanner 2018).
Lithofazielle und biostratigraphische Untersuchungen obertriassischer und unterjurassischer
Schichten sind aus allen Teilen des Mitteleuropäischen Beckensystems (MEB) und angrenzender
Gebiete bekannt: Hesselbo & Jenkyns (1995), Ambrose (2001), Hesselbo et al. (2004), Simms (2004),
Wignall & Bond (2008), Bonis et al. (2010b), Ruhl et al. (2010) und Porter et al. (2013) bearbeiteten
faunistische und stratigraphische Fragestellungen auf den Britischen Inseln. Aus dem südskandina-
vischen Raum sind beispielsweise Guy-Ohlson (1981), Surlyk et al. (1995), Frandsen & Surlyk (2003),
Michelsen et al. (2003) und Lindström & Erlström (2006) und aus dem Polnischen Becken Teofilak-
Maliszewska (1967), Feldman-Olszewska (1997b) und Pieńkowski et al. (2012) zu nennen. Lund (2003)
und van de Schootbrugge et al. (2018) beschreiben gut untersuchte Profile vom Rhät bis in den Unteren
Jura in NW-Deutschland, während der Jura E- und NE-Deutschlands übersichtlich von Schumacher
& Sonntag (1964), Tessin (1995) und Petzka et al. (2004) vorgestellt wird. Rhät und Lias Thüringens
werden beispielsweise von Kühn et al. (1965) und Ernst (1986, 1990, 1993) beschrieben. Veränderungen
des Meeresspiegels an der Rhät-Hettang- und Pliensbach-Toarc-Grenze stellt z. B. Hallam (1997)
dar. Eine weitreichende Korrelation von Profilen mit triassischen und jurassischen Schichten im
MEB und anderen Teilen der Welt geben beispielsweise Pieńkowski et al. (2008), Stollhofen et al.
(2008), McKie & Williams (2009), Bachmann et al. (2010), Lott et al. (2010), Lindström et al. (2017) und
Schobben et al. (2019). Der Trias-Jura-Übergang selbst ist im MEB (zu dem das Norddeutsche Becken
[NDB] gezählt wird) vergleichbar gut untersucht wie im Tethyalen Raum oder in Nordamerika, wo
diese wichtige Grenze beispielsweise im Newark-Becken (östl. Nordamerika) in terrestrischer Fazies
studiert werden kann (z. B. Lucas & Tanner 2007). Trotzdem sind Profile, an denen übertage der
Trias-Jura-Übergang aufgeschlossen ist, weltweit selten.
Vor kurzem wurde die Jura-Basis mit einem Global Boundary Stratotype Section and Point (GSSP) in
den österreichischen Alpen fixiert (von Hillebrandt et al. 2013), während die GSSPs für das Sinemur,
Pliensbach und Toarc in England und Portugal festgelegt sind (Bloos & Page 2002; Meister et al.
2006; Elmi 2007). Die Definition eines gleichartigen stratigraphischen Fixpunktes für die höchsten
Stufen der Trias (Nor und Rhät) stehen noch aus. Als GSSP des Rhät wird ein Profil ebenfalls in den
österreichischen Alpen geprüft (Krystyn et al. 2007; Hüsing et al. 2011).
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1.2 Zusammenfassung
Es besteht kein Zweifel, dass die Obere Trias, die Trias-Jura-Übergangsschichten sowie die Abla-
gerungen des Unteren Jura nach wie vor eines der am meisten fokussierten Forschungsgebiete für
Geowissenschaftler aus ganz Europa darstellen. Umso mehr, da erst in jüngster Zeit durch immer
genauere Datierungen, 3D-Modelle des geologischen Untergrunds und die Verknüpfung von For-
schungsdaten (z. B. Fossilsammlungen in europäischen und nordamerikanischen Museen) konkrete
Aussagen zur Fazies und Stratigraphie im überregionalen Maßstab möglich werden.
Speziell im östlichen Teil des NDBs und angrenzender Gebiete fanden vom Nor/Rhät bis zum
Ende des Unteren Jura ständige Umweltveränderungen statt: Ein Wechselspiel aus Meeresvorstö-
ßen und (deltaischen) Vorbauten verschoben die Küstenlinien; Lebensräume wurden überflutet,
oder versumpften und fielen trocken. Demnach lauten interessante Fragestellungen heute wie vor
Dekaden:
• Welche speziellen biofaziellen Verhältnisse herrschten zu jener Zeit vor, an die sich die Faunen
und Floren der ausgehenden Trias anpassen mussten? Kann allein durch Umweltverände-
rungen, etwa die Verschiebung der Küstenlinie oder die Kurzzeitigkeit des Ereignisses, ihr
Schwund oder ihre adaptive Radiation erklärt werden, die zu Beginn des Jura weltweit beob-
achtet werden kann?
• Können bestehende paläogeografische Rekonstruktionen der Oberen Trias und des Unteren
Jura erweitert, korrigiert oder verfeinert werden? Welche Meerespforten waren zu dieser Zeit
aktiv und kann aus Veränderungen der Paläo-Meeresströmungen auf lokale Phänomene, etwa
die Genese der Schwarzschiefer des Toarc, geschlossen werden?
• Lässt sich durch sedimentologische und sequenzstratigraphische Untersuchungen die Dauer
bestimmter stratigraphischer Einheiten besser abschätzen?
• Können stratigraphische Gliederungen, wie sie in den einzelnen europäischen Ländern ge-
bräuchlich sind, besser miteinander in Beziehung gesetzt werden?
• Welche Ablagerungssysteme bestanden insbesondere im NDB und kann aus deren Rekonstruk-
tion wirtschaftlicher Nutzen (z. B. für die Geothermie) gezogen werden?
1.2 Zusammenfassung
Die vorliegende, aus insgesamt vier Einzelveröffentlichungen (Abschnitt 1.5) bestehende Dissertation
soll den Kenntnisstand über fazielle und biostratigraphische Entwicklungen und Gliederungsmög-
lichkeiten in der höheren Trias und dem Unteren Jura im östlichen Teil des MEBs (insbesondere des
NDBs) erweitern, und die bislang verfügbaren Daten in einem Kontext wiedergeben. Als wesentliche
Punkte der Arbeit sollen genannt werden (siehe auch Thesen in Abschnitt 1.4):
3
1 Synopsis
1. Verbesserung des stratigraphischen Gerüsts: Basierend auf hochauflösender Palynostratigra-
phie (in der Exter-Formation, Rhätkeuper) und der biostratigraphisch kontrollierten Definition
von sequenzstratigraphischen Flutungs- und Regressionsflächen (im Unteren Jura) konnten
konkrete Zeitscheiben ausgewiesen werden, auf deren Grundlage Untergrund-Fazieskarten
erstellen worden sind. Durch Korrelation gleichalter Ablagerungen kann u. a. der Trias-Jura-
Übergang im NDB besser identifiziert werden.
2. Sedimentologische und biofazielle Untersuchungen an gekernten Bohrungen und Übertage-
aufschlüssen ermöglichen die Rekonstruktion von hochauflösenden Untergrund-Fazieskarten
innerhalb der konkretisierten Zeitscheiben (siehe Punkt 1), die Ablagerungsmodelle und bio-
fazielle Zonierungen (Rhätkeuper bis Toarc) wiedergeben. Diese Ergebnisse können mittels
Korrelation geophysikalischer Bohrlochmessungen auf Profile übertragen werden, von denen
keine Festgesteinsprobe (mehr) vorliegt. Zusätzlich wird ein Vergleich mit rezenten Ablage-
rungssystemen möglich.
3. Bezugnahme der Ergebnisse auf die angewandte Forschung, insbesondere die Erkundung
des geologischen Untergrundes und die Abschätzung der Reservoirqualität (mithilfe von geo-
hydraulischen Messwerten [Porosität, Permeabilität] sowie hochauflösender Reservoirquali-
tätskarten, die aus den Untergrund-Fazieskarten abgeleitet worden sind). In Vorbereitung
geothermischer Projekte ermöglichen diese Karten eine verbesserte standortbezogene Reser-
voirprognose, als dies bisher im östlichen NDB möglich ist (siehe auch Abschnitt 6.1).
Der erste Teil der Dissertation (Abschnitt 2 auf Seite 11) stellt eine Aufschluss-Analogstudie an einem
Intervall der höheren Trias (Nor bis Rhät) im östlichen Niedersachsen dar. Mittels Lithofaziesanalyse
und Ermittlung der sedimentologischen Architektur der Ablagerungen (Schichtmächtigkeiten, Gra-
nulometrie, Messung der Schüttungsrichtungen etc.) wurde der Ablagerungsraum rekonstruiert, und
anhand des Fossilinhalts die biofaziellen Ablagerungsbedingungen bestimmt. Die biostratigraphische
Einordnung erfolgte mithilfe von Conchostraken und Palynomorphen.
Im 2. Teil der Dissertation (Abschnitt 3 auf Seite 55) wurde unter Zuhilfenahme der Lithofaziesana-
lyse und Interpretation von Bohrlochmesskurven die Verbreitung und Mächtigkeit eines stratigra-
phisch gut identifizierbaren Sandstein-Reservoirs, der sog. Unteren Exter-Formation (Rhätkeuper,
Obere Trias), rekonstruiert. Die sandigen Abschnitte der Exter-Formation enthalten im östlichen Teil
des NDBs ein erhebliches hydrogeothermisches Potenzial; ein besseres Verständnis der Ablagerungen
kann das Erkundungsrisiko für zukünftige Geothermie-Projekte minimieren (siehe auch Abschnitt
6.2 auf Seite 169).
Auf vorangegangenen Erkenntnissen aufbauend, wurde im 3. Teil der Dissertation (Abschnitt 4 auf
Seite 93) die Lithofaziesanalyse auf den beckenweiten Maßstab angewendet. An Profilen/Bohrungen
im NDB und Thüringer Becken wurden sedimentologische und palynostratigraphische Daten neu
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erhoben und ausgewertet. Anschließend wurden bereits publizierte Profile aus dem südskandina-
vischen Raum, dem Thüringer und Polnischen Becken hinzugezogen, und, falls vorhanden, eine
Neubewertung palynostratigraphischer Daten vorgenommen. Die Korrelation und Beschreibung
des Trias-Jura-Übergangs erfolgte mithilfe der Palynostratigafie. Damit konnte u. a. die Diachronie
der faziellen Verschiebungen, wie sie mit der schrittweisen Flutung des NDBs durch die Meeres-
transgression einhergeht, belegt werden. Durch Anwendung eines sequenzstratigraphischen Modells
konnte darüber hinaus ein Bezug zwischen allen Teilbecken des MEBs hergestellt und die Dauer der
faziellen Verschiebungen abgeschätzt werden.
Teil 4 der Dissertation (Abschnitt 5 auf Seite 129) widmet sich den biofaziellen Veränderungen wäh-
rend des Unteren Jura (Hettang bis Toarc) im östlichen Teil des MEBs. Hierfür wurden auf Grundlage
hochauflösender Ammoniten-Biostratigraphie Karten für jede Ammoniten-Zone/Subzone des Unte-
ren Jura erstellt, auf denen die Ausdehnung mariner, brackischer oder terrestrischer Faziesräume
ersehen werden kann. Durch Auswertung von Dauer und Reichweite der Biofazies-Zonen wurde
ein aus transgressiven und regressiven Einheiten bestehendes, sequenzstratigraphisches Gerüst
aufgestellt.
1.3 Abstract
This PhD thesis, consisting of a total of four individual publications (section 1.5), aims to provide
knowledge in facies and biostratigraphic issues at the Triassic-Jurassic transition in the eastern part
of the Central European Basin (especially in the North German Basin). Essential points of the PhD
will be listet below (see also section 1.4):
1. Improvement of the stratigraphic framework: Based on high-resolution palynostratigraphy
(in the Exter Formation, Rhaetian) and biostratigraphic controlled definition of sequence-
stratigraphic flooding and regression surfaces (in the Lower Jurassic), specific time slices were
identified, on the basis of which subsurface facies maps were prepared. By correlating of age-
aligned sediments the Triassic-Jurassic transition in the North German Basin can be better
identified.
2. Sedimentological and biofacies investigations on cored wells and outcrops allow the recon-
struction of high-resolution subsurface facies maps at these specific time slices (see point 1),
which reflect deposition models and biofacies zonations (Rhaetian to Toarcian). The results
can be transferred by correlation of geophysical borehole measurements to sections of which
no solid rock sample is available (anymore). In addition, a comparison with recent depositional
systems is possible.
3. Reference of the results to applied research, in particular the exploration of the subsurface
geology and the estimation of reservoir quality (using geohydraulic measurements [porosity,
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permeability] and high-resolution reservoir quality maps derived from the subsurface facies
maps). In preparation for geothermal projects, these maps enable an improved site-specific
reservoir prognosis than has so far been possible in the eastern North German Basin (see also
section 6.1).
The first part of the PhD thesis (section 2 on page 11) is an outcrop study at a Late Triassic (Norian
to Rhaetian) interval in eastern Lower Saxony (Germany). By means of lithofacies analysis and
determination of the sedimentological architecture (layer thicknesses, granulometry, origin of the
clastic material etc.) the depositional area was reconstructed and the biofacies conditions were
determined by fossil content. Biostratigraphy is based on conchostracans and palynomorphs.
In the second part of the PhD thesis (section 3 on page 55) the distribution and thickness of a
stratigraphically well identifiable sandstone reservoir, the so-called Lower Exter Formation (Rhaetian,
Upper Triassic), was reconstructed with the help of lithofacies analysis and interpretation of borehole
measurements. The sandy sections of the Exter Formation contain a significant hydrogeothermal
potential for the eastern part of the North German Basin; a better understanding of the deposits can
reduce the exploration risk for future geothermal projects (see also section 6 on page 165).
Based on previous investigations, the lithofacies analysis for a basin-wide scale was applied in
the 3rd part of this PhD thesis (section 4 on page 93). Sedimentological and palynostratigraphic
data were newly collected and evaluated on sections and drilled holes in the North German and
Thuringian Basin. Subsequently, already published sections from the southern Scandinavian region,
the Thuringian and Polish Basin were included and, if available, a re-evaluation of palynostratigraphic
data was carried out. Correlation and description of the Triassic-Jurassic transition was conducted
with biostratigraphic data (incl. palynostratigraphy). This was used to visualize, among other things,
the diachrony of the facies shifts associated with the gradual flooding of the North German Basin
by the Lower Jurassic transgression event. By applying a sequence stratigraphic model, it was also
possible to correlate most sub-basins of the Central European Basin System and to estimate the
duration of the facies shifts.
Part 4 of the PhD thesis (section 5 on page 129) is devoted to the biofacies changes during the
Lower Jurassic (Hettangian to Toarcian) in the eastern part of the Central European Basin. For this
purpose, on the basis of high-resolution ammonite biostratigraphy, maps were prepared for each
ammonite zone/subzone of the Lower Jurassic, showing the extension and stratigraphic range of
marine, brackish or terrestrial facies units. By evaluating the duration and extent of the biofacies





I Mithilfe der Biostratigraphie können für den östlichen Teil des Mitteleuropäischen Beckens
(NDB, Polnisches Becken, Dänisches Becken und angrenzende Gebiete) Zeitscheiben definiert
werden, auf deren Grundlage der fazielle und sequenzstratigraphische Vergleich innerhalb des
MEBs möglich wird.
• Durch palynostratigraphische Untersuchungen lässt sich die Exter-Formation (Rhätkeuper)
im östlichen Teil des NDBs besser gliedern als bisher. Eine großzyklische Gliederung der
Unteren Exter-Formation ist möglich.
• Das verbesserte biostratigraphische Gerüst erlaubt die Identifikation des Trias-Jura-Über-
gangs im NDB. Die Korrelation mit der Trias-Jura-Grenze in anderen Gebieten des MEBs
wird ermöglicht.
• Durch die biostratigraphische Kontrolle lässt sich ein sequenzstratigraphisches Schema für
das NDB erarbeiten, das sich aus Transgressions- und Regressionszyklen unterschiedlicher
Stärke zusammensetzt. Die Reichweite von Flutungsflächen lässt sich durch Auswertung
von Makro- und Mikrofossil-Nachweisen konkretisieren.
II Auf Grundlage der definierten Zeitscheiben (Punkt 1) und unter Berücksichtigung von Bohrungs-
daten kann eine Untergrund-Fazieskartierung für den Oberen Keuper bis Unteren Jura im NDB
erfolgen.
• Eine Übertragung der Ergebnisse aus der Lithofaziesanalyse an Bohrkernen und Übertage-
Aufschlüssen ist auf Profile möglich, von denen nur geophysikalische Bohrlochmessungen
vorliegen.
• Die Untergrund-Fazieskartierung zeigt, dass die rekonstruierten Ablagerungsräume des
Oberen Keupers bis in den Unteren Jura mit rezenten Ablagerungssystemen in Größe und
Dynamik vergleichbar sind.
III Die Ergebnisse der Untergrundkartierung (Fazies + Mächtigkeit der Ablagerungen) lassen sich
durch Hinzufügen von geohydraulischen Messwerten (Porosität, Permeabilität) in Reservoirqua-
litätskarten für verschiedene der definierten Zeitscheiben umwandeln, sodass eine verbesserte
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1 Synopsis
1.7 Hinweise zur Benutzung des Manuskripts
Das vorliegende Druckwerk stellt eine kumulative Dissertation aus mehreren Einzelveröffentlichun-
gen dar. Da es sich um Veröffentlichungen in verschiedenen Zeitschriften unterschiedlicher Verlage
handelt, wurden Anpassungen vorgenommen, um eine einheitliche Formatierung des vorliegenden
Dokuments zu erreichen:
• Es wurde jeweils eine deutsche Zusammenfassung dem englischen Abstract nachgestellt.
• Es wurde die Formatierung der Zitate vereinheitlicht; alle Literatureinträge der jeweiligen
Einzelpublikationen sind in einem einzigen Literaturverzeichnis zusammengefasst.
• Es wurden einheitlich einfache englische Anführungszeichen verwendet.
• Da sich die Gliederung der Einzelpublikationen der vorliegenden Dokumentstruktur unterord-
net, haben die Überschriften der Einzelpublikationen eine andere Ebene und Nummerierung
als im gedruckten Artikel.
• Es wurden allgemeine Abkürzungen eingeführt, um Redundanzen in den Einzelpublikationen
zu vermeiden:
– CEB = Central European Basin
– NGB = North German Basin
• Vor die Verweise für Abbildungen und Tabellen wurde die Kapitelnummer integriert: Die
Angabe »Fig. 2.6« verweist also auf die Abbildung Nr. 6 in Kapitel 2 (der Kapitel-Struktur der
Dissertation).
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2 Late Triassic (Norian-Rhaetian) brackish to
freshwater habitats at a fluvial-dominated delta
plain (Seinstedt, Lower Saxony, Germany)
Original-Zitat Barth, G., Franz, M., Heunisch, C., Kustatscher, E., Thies, D., Vespermann, J. &
Wolfgramm, M. (2014): Late Triassic (Norian–Rhaetian) brackish to freshwater habitats at a fluvial-
dominated delta plain (Seinstedt, Lower Saxony, Germany). Palaeobiodiversity and Palaeoenvironments,
94(2): 237–270.
Autorenanteile Diese Publikation wurde hauptsächlich konzeptuiert und verfasst von den Autoren
Gregor Barth (Biofazies und Ablagerungsraum) und Matthias Franz (Lithofazies und Ablagerungszy-
klen). Carmen Heunisch führte palynologische Untersuchungen durch, während die Durchsicht und
Bestimmung von Makropflanzen-Fossilien durch Evelyn Kustatscher erfolgte. Die Autoren Detlev
Thies und Jürgen Vespermann haben Untersuchungen über Fische und Tetrapoden beigetragen. Mar-
kus Wolfgramm koordinierte die Abschnitte über Granulometrie und Sandstein-Charakterisierung.
2.1 Abstract
The historic Late Triassic outcrops at Fuchsberg and Langenberg near Seinstedt (Lower Saxony,
Germany) are constrained to the Norian/Rhaetian boundary interval by means of conchostracan
and palynomorph biostratigraphy. A comprehensive revision revealed a fluvial-dominated delta
plain that formed in response to the successive transgression of the ‘Rhaetian Sea’ and received
siliciclastics from southern source areas. At Fuchsberg and Langenberg, the distal lower delta plain is
exposed and brackish subaqueous delta plain wetlands, mouthbar/distributary channel complexes
and interdistributary bay subenvironments are reconstructed. Delta formation was controlled by
bifurcation of distributary channels and avulsion of delta lobes. A diverse ecosystem is documented: a
rich invertebrate fauna of limulids (1 taxon), insects (at least 20 taxa of 9 orders), malacostracans and
conchostracans (several taxa) and a vertebrate fauna of amphibians (at least 1 taxon), sharks (9 taxa)
and osteichthyan fishes (at least 6 taxa). In particular, fossiliferous interdistributary bay lithologies
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detail trophic systems of autochthonous subaqueous and parautochthonous riparian habitats. Abund-
ant remnants of cycadophytes, ferns, horsetails and large vertebrates from Fuchsberg and adjacent
outcrops of the Seinstedt area enable the reconstruction of vegetated upstream environments at the
upper delta plain and floodplain.
Zusammenfassung Die seit langem bekannten Übertage-Aufschlüsse am Fuchsberg und Langen-
berg nahe Seinstedt (Niedersachsen, Deutschland) können mithilfe von Conchostraken- und Palyno-
morphen-gestützter Biostratigraphie auf die Nor/Rhät-Grenze datiert werden. Eine umfassende
Neubearbeitung rekonstruiert eine flussdominierte Deltaebene, die sich infolge der graduellen Flu-
tung durch das sog. Rhät-Meer gebildet und den klastischen Eintrag südlich gelegener Liefergebiete
aufgenommen hat. Am Fuchsberg und Langenberg sind Teile der distal gelegenen Unteren Deltaebene
mit subaquatischen Sümpfen, Mündungsbarren-/Verteilerrinnen-Komplexen und Zwischenrinnen-
fazies aufgeschlossen. Dabei hat die Verzweigung der deltaischen Verteilerrinnen die Form des Deltas
beeinflusst. Ein hochdiverses Ökosystem ist nachgewiesen durch eine reiche Wirbellosen-Fauna aus
Schwertschwänzen (1 Art), Insekten (mindestens 20 Arten aus 9 Ordnungen), Höhere Krebse und
Conchostraken (verschiedene Arten) sowie eine Wirbeltier-Fauna aus Amphibien (mindestens 1 Art),
Haie (9 Arten) und Knochenfische (mindestens 6 Arten). Insbesondere die fossilführenden Abschnit-
te der Zwischenrinnenfazies geben einen Einblick in die Ernährungskreisläufe von autochthonen,
subaquatischen und parautochthonen, ufernahen Habitaten. Die Überreste von Palmfarnen, Farnen,
Schachtelhalmen und großen Wirbeltieren am Fuchsberg und angrenzenden Übertage-Aufschlüssen
im Raum Seinstedt ermöglichen die Rekonstruktion bewachsener, flussaufwärts gelegener Lebens-
räume auf der Oberen Deltaebene und Flussebene.
Keywords Distributary channel, Mouth bar, Interdistributary bay, Tempestite, Hirmeriella muensteri,
Riparian habitat
2.2 Introduction
Upper Keuper sandstones have been exploited in numerous quarries in SE Lower Saxony (Jüngst
1928, 1929). Among them, the nowadays abandoned quarry at the so-called ‘Fuchsberg’ close to
the village of Seinstedt is most prominent because of fossiliferous layers that have been subject
to detailed investigations since the 1850s. von Strombeck (1852) was the first to refer to a number
of quarries around Seinstedt. Schlönbach (1861, 1862), Pflücker y Rico (1868) and Roemer (1874)
described fish remains and ganoid scales from different bonebeds. Coquina beds composed of
bivalves (Modiola minuta, Gervillia inflata, Protocardia praecursor) were described by Schlönbach (1862)
from an abandoned sandstone quarry near Seinstedt (most probably not the quarry at Fuchsberg
described here). A bone fragment of the prosauropod Plateosaurus found at Fuchsberg (Fig. 2.6e, f) was
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mentioned by Fraas (1897). Brauns (1862, 1866) was the first who described a floral assemblage from a
quarry that most probably refers to the Fuchsberg quarry and proposed a Rhaetian age for the exposed
succession. Jüngst (1928) and von Engelhardt (1942) incorporated the Fuchsberg into sedimentological
and petrological studies of more regional scales. Benda (1960, 1963) noted that one of the bonebeds at
Fuchsberg contains higher values of uranium. Based on regional mapping, he provided a number of
measured sections and interpreted the bonebeds in the classical sense as transgressive lag deposits of
the ‘Rhaetian’ transgression. Appel (1981) introduced the first depositional model based on lithofacies
and reconstructions of transport directions and considered the Fuchsberg part of a fluvial floodplain.
Hauschke & Wilde (1987) described Paleolimulus fuchsbergensis (Figs. 2.8c, 2.12g) as well as limulid
tracks (Hauschke & Wilde 1996). From a systematic excavation of a dark shaly horizon (upper part
of the Main Fossil Layer – MFL, ‘Fossilführende Wechselfolge’ sensu Hauschke & Wilde (1987, 1996),
Fig. 2.2), Hauschke & Wilde (1996) reported insect remains assigned to several orders (e.g. Blattodea,
Coleoptera, Hemiptera) (Fig. 2.7), articulated skeletons of Semionotus-like fishes, coelacanthid scales
and several moderate preserved and not exactly specified imprints of Malacostracans assigned to at
least two taxa (Fig. 2.8a, b, e). Hauschke & Wilde (1987, 1996) considered the dark shales as fill of either
an oxbow lake (resulting from meander cut-off) or a floodplain lake, respectively. Further support of
this interpretation was provided by Seeling (1999). Recently a systematic excavation that included
also a small abandoned quarry at the so-called ‘Langenberg’ close to the Fuchsberg provided a great
number of arthropods (including limulids, conchostracans and insects) and plants (Barth 2011; Barth
& Kozur 2011).
The broad evidence of a shallow subaquatic habitat challenged us to revise the depositional model
of Appel (1981) and prove the note of Hauschke & Wilde (1996) that the Fossillagerstaette at Fuchsberg
resembles some features of the fluvio-deltatic Voltziensandstein. Based on analyses of lithofacies and
sedimentary architecture, we demonstrate the deposition of sandstones within distributary channels
and mouth bars of a fluvial-dominated delta that tributed into a larger freshwater to slightly brackish
interdistributary bay.
Accordingly, we simplify the formation of bonebeds as storm event layers (tempestites). We
consider the deltaic environment as habitat and provide a synopsis of reported taxa from Fuchsberg/
Langenberg including a tentative revision of the Rhaetian flora of the Seinstedt area.
2.3 Geological Setting
In Triassic times, SE Lower Saxony was situated in the southern part of the NGB, the largest subbasin
of the CEB, formerly referred to as the Germanic Basin. The epicontinental CEB extended from
eastern onshore United Kingdom to eastern Poland and from southern Scandinavia to northern
Switzerland. The CEB was situated at palaeolatitudes between 35° and 50° N (Stampfli & Kozur 2006)
and was bordered by the Fennoscandian High and British-Scandinavian Caledonides to the north
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and several remnants of the Variscan orogen to the south (Ziegler 1990).
After the Variscan orogeny, the separated North and South Permian Basins formed in Late Car-
boniferous–Early Permian times and received considerable amounts of subsidence from thermal
cooling and crustal stretching (Bachmann & Grosse 1989; Littke et al. 2008). The stage of basin
initiation was followed by a longer stage of basin fill extending from Permian to Early Cretaceous
times. Due to successive growth, the North and South Permian Basins melted together and formed
the CEB (Stollhofen et al. 2008). In the basin centre, the Permian-Cretaceous basin fill can reach up
to 12 km in thicknesses (Benek et al. 1996; Scheck et al. 1996; Scheck & Bayer 1999).
Lithologies of the typical Late Triassic Keuper basin fill are dominated by variegated shales of
terrestrial Playa-like to Sabkha-like environments (Nitsch 1996; Reinhardt & Ricken 2000). Evaporites
occur frequently and modification by pedogenic processes is a common feature. The sedimentation
of coarse-grained siliciclastics was limited to the margins of the CEB (Franz 2008). Several short-term
ingressions from the Tethyan waters reached the CEB through gates to the south and southeast but
were mainly limited to the southern parts of the basin (Bachmann et al. 2010).
In Latest Norian–Earliest Rhaetian times, the break-up of Pangaea opened new gates at the west-
ern margins of the CEB and the ‘Rhaetian Transgression’ triggered the fundamental change in
palaeogeography. The ‘Rhaetian Sea’ covered western and central parts of the CEB. Large amounts
of siliciclastics were supplied from northern and southern source areas and formed large fluvial-
dominated deltaic plains in NE, Central and South Germany, whereas in eastern parts of the CEB,
terrestrial fluvial to Playa-like depositional environments were maintained (Franz 2008; Pieńkowski
et al. 2012). The strata exposed at Fuchsberg and Langenberg are of latest Norian to earliest Rhaetian
age (Barth & Kozur 2011; Hauschke & Kozur 2011) and originate from southern source areas (Appel
1981; Lewandowski 1988; Franz 2008). The exposures formed due to salt tectonics that uplifted Late
Triassic strata around the so-called ‘Fallstein’ and other salt structures (Röhling 2002).
2.4 Localities and methods
Fuchsberg and Langenberg are small hills in the vicinity of the village Seinstedt located in SE Lower
Saxony (Fig. 2.1). At both localities, Upper Keuper sandstones have been quarried but both quarries
are now abandoned. The quarry at Fuchsberg exposes an about 150 m long and up to 13 m high quarry
face, and the quarry at Langenberg exposes an about 20 m long and up to 5 m high quarry face. The
exposed successions in both quarries dip gently with 2–5° towards the NNW.
As facies varies slightly from east to west, the eastern part of the Fuchsberg quarry exposes a more
sandy succession that becomes dissected by intercalated shaly and heterolithic layers in the upper
part. Towards the western part, thicknesses of intercalated layers increase up to some decimetres
contributing to an overall upward decrease in sand/silt ratio. The further decrease of sand/silt ratio
at Langenberg contributes to this overall trend (Figs. 2.2 and 2.10).
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Figure 2.1: Locations and outcrops. a, b Overview and local map of the Seinstedt area (Lower Saxony), modified
according to Benda (1963). c Detailed contour line map and measured sections at Fuchsberg (F1–F13) and
Langenberg (L1). Contour lines based on NIBIS-Map Server. d Cross-section from Langenberg to Fuchsberg
(A to A’), light shading outcrops, dark shading covered, overgrown.
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The outcrops at Fuchsberg and Langenberg were analysed to characterise their depositional envir-
onment in terms of lithofacies (Table 2.1) and biofacies. Based on grain-sizes and physical bedding
structures, 9 lithofacies types are identified. For detailed grain-size analyses, 16 sandstone samples
were taken from Fuchsberg and sieved with standard mesh sieves after disintegration (Table 2.2).
The granulometric values of mean grain-size and sorting were calculated according to Folk & Ward
(1957), and the skewness calculated according to Warren (1974). According to its size and good ex-
posure, the outcrop at Fuchsberg was chosen to document the overall facies architecture, stacking
pattern and transport directions. In combination of depositional mode, geometry of sedimentary
units and palaeocurrent measurements, 3 lithofacies associations of a lower delta plain are con-
cluded. In order to characterise lithofacies associations in terms of geochemistry and reconstruct
palaeoredox conditions bulk rock samples were taken at both localities every 10–15 cm. From Fuchs-
berg, 50 samples and, from Langenberg, 46 samples were analysed at BGR Hannover, Germany,
using X-ray fluorescence spectroscopy (XRF) for measuring major elements and a number of trace
elements. In addition, manual gamma-ray measurements were carried out at both sections using a
‘Heger-Breitband’-Gamma-scintillometer.
For palynological analyses, 34 samples from Fuchsberg and 2 samples from Langenberg were treated
with hydrochloric (10 %) and hydrofluoric acid to remove carbonates and silicates, respectively. Follow-
ing this, insoluble residues were ultrasonically sieved (mesh size: 10 µm) and organic residues were
mounted on slides with glycerin jelly. The slides were examined carefully and palynostratigraphically
classified according to Heunisch (1999).
2.5 Stratigraphy
The two outcrops lie some 400 m apart and show some minor variations in terms of lithofacies. Despite
this, they can be reliably correlated due to conchostracan biostratigraphy and their corresponding
order of strata: the overall upward decrease of sand/silt ratio and the occurrence of prominent marker
beds. These are the fossiliferous layer so-called ‘Main Fossil Layer, MFL’ (Hauschke & Wilde 1996) and
a tempestite bed (Fig. 2.2).
In terms of biostratigraphy, the succession exposed at Fuchsberg was considered to be of Rhaetian
age since the nineteenth century. This was based on (1) plant remains thought to represent a typical
Rhaetian assemblage (Brauns 1862, 1866) and (2) regional mapping placed the Fuchsberg strata slightly
below the so-called Contorta beds that have been exposed in the ‘Große Sandgrube’ north of Seinstedt
and comprised the Rhaetian guide form Rhaetavicula contorta (Behrend 1927; Jüngst 1928, 1929; Benda
1963). Later, the suggested Early Rhaetian age was adopted by Appel (1981), Koch & Schneider (1985),
Look (1985) and Hauschke & Wilde (1987, 1996). Palynostratigraphic data seem to confirm an Early
Rhaetian age of the complete succession at Fuchsberg (Heunisch 1998; Seeling 1999; Heunisch 2011a,b).
The sporomorph assemblages of 9 out of 36 investigated samples comprise Granuloperculatipollis rudis,
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Figure 2.2: a Representative lithologs of the successions exposed at Fuchsberg and Langenberg with sample
points. The correlation between both localities is based on the occurrences of Shipingia gerbachmanni
(Hauschke & Kozur 2011), the comparable order of strata and the ‘Main Fossil Layer’ (Benda 1963; Hauschke
& Wilde 1996; Barth & Kozur 2011). P8 reconstructed according to Hauschke & Wilde (1996). b Lithology of
section F13, a small outcrop north of the main quarry at Fuchsberg (Fig. 2.1c) that is most probably slightly
younger.
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Enzonalasporites vigens, Rhaetipollis germanicus, Ricciisporites tuberculatus and other diagnostic forms
and are therefore assigned to the GTr 18 zone (Heunisch 1999) and the Rhaetian part of the Corollina-
Enzonalasporites zone (Lund 1977), respectively. However, the assemblages of other samples have wider
ranges from the Late Norian to Early Rhaetian (Table 2.6).
A slightly different biostratigraphic age is suggested by conchostracans (Hauschke & Kozur 2011).
The lower parts of both successions comprise a monospecific fauna of large conchostracans with
Shipingia gerbachmanni and Shipingia etzoldi and can therefore be assigned to the Latest Sevatian
gerbachmani zone (Barth & Kozur 2011). The uppermost part of the Fuchsberg succession comprises
a monospecific fauna dominated by small Gregoriusella polonica that constrains this interval to the
polonica zone of the earliest Rhaetian age (Kozur & Weems 2010). The interval where large Shipingia
and Gregoriusella polonica co-occur represents the transitions from the gerbachmanni zone to polonica
zone and is considered Norian/Rhaetian boundary interval. It is located in the upper part of the
exposed strata at Fuchsberg about 4 m below the socalled ‘Grüne Grenzhorizont’ (Fig. 2.2, section F2).
2.6 Lithofacies analysis
2.6.1 Depositional cycles and events
The quarry faces at Fuchsberg and Langenberg are oriented W–E (Fig. 2.2). As the axes of measured
trough cross-bedded units (n = 13) are directed towards the south with a mean palaeocurrent of 183°,
the quarries provide a cross-sectional view perpendicular to the mean palaeoflow direction. Internally,
the exposures are composed of vertically stacked metre-scale sedimentary bodies (Fig. 2.4). Despite
slight lateral facies shifts, three characteristic vertical successions of lithofacies are to be observed.
These centimetre- to metre-scale successions are related to shifts in grain sizes and bedding structure
and thus reflect diagnostic changes of depositional mode. Because of their repeated occurrence, they
are considered depositional cycles (Shukla et al. 2006; Zimmermann et al. 2014) of lower delta plain
environments. In contrast, characteristic centimetre-scale successions of coarse-grained lithofacies
occur only irregularly and are scattered in both exposures. They are considered episodic depositional
events of higher energy.
Small-scale coarsening upward cycles
Up to 2-m-thick depositional cycles show gradual shifts from horizontal-laminated siltstone-sand-
stone to ripple cross-bedded sandstone lithofacies. The silty to sandy successions are embedded
in heterolithic lithofacies and their internal gradational shift from silty to sandy lithologies is re-
cognised as overall coarsening upward trend in grain sizes. At the base, the transition zone from
heterolithic lithologies to horizontal laminated siltstone-sandstone varies from some centimetres to
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ripple cross-bedded siltstone-sandstone evolves from heterolithic lithologies due to upward increase
in sand and decrease in shales. At the top, this is always sharp and pronounced ripple cross-bedded
lithofacies appears diffused and often superimposed by hummocky cross stratification (Table 2.1;
Figs. 2.3g and 2.4d).
The gradual vertical change from heterolithic background facies to sand-dominated lithofacies and
vice versa suggest the subsequent progradation or shift of more proximal sedimentary environments
during a depositional event. Heterolithes reflect variable input of suspended load into subaquatic
environments and subsequent modification by wave action and unidirectional flows (Dumas & Arnott
2006). The change to horizontal-laminated siltstone-sandstone lithofacies at the base of individual
metre-scale coarsening upward cycles points to an increase of sand content within the suspended
load. As modification by wave action is strongly reduced, an increase in sedimentation rate may be
suggested. The subsequent coarsening in grain sizes triggered the change from a suspended load- to
a bed load-dominated mode of transport. Low energy currents of lower flow regime formed current
ripples and their successive migration produced up to a few decametres thick cosets of non-climbing
ripple cross-bedded lithofacies (Reineck & Singh 1980; Allen 1982; Southard & Boguchwal 1990). The
diffused top and its superimposition by hummocky cross-stratification indicate subsequent reduced
sediment input and reworking by wave action (Harms 1975). Accordingly, the heterolithic background
facies terminated the meter-scale coarsening upward cycles.
Small-scale fining upward cycles
Depositional cycles of up to 2 m thicknesses that show internal fining upward in grain sizes are
laterally associated to coarsening upward cycles (Fig. 2.4a). These cycles represent the fill of broad and
shallow channel-like structures that cut a few decametres deep into ripple cross-bedded lithofacies.
Following the sharp and erosional base large-scale trough cross-bedded lithofacies predominates and
individual troughs reach up to 4 m in width and 0.6 m in depth (Figs. 2.4b and 2.10). Towards the top,
the scale of troughs decreases successively and ripple cross-bedded lithofacies forms the upper part
of the channel fill. At the top, ripple cross-bedded lithofacies becomes diffused and is superimposed
by hummocky cross-stratification (Fig. 2.3g). As subordinated inclined bounding surfaces that would
represent accretion surfaces are absent, the channel fill appears simple and is therefore considered
single-storied.
The succession of lithofacies clearly shows that the formation of fining upward cycles was associated
to erosion and higher transport velocities in the early stage, successively lowered transport velocities
in the late stage and reworking by wave action in the final stage. Higher transport velocities in the early
stage are evidenced by slight incision of broad and shallow channels accompanied by non-deposition
and sediment bypass. The simple fill of channels with large-scale trough cross-bedded lithofacies
points to lowered but still high transport velocities of the lower flow regime as indicated by concave- to
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tangential shaped toe-sets (Allen & Collinson 1974; Allen 1982; Ashley 1990). The subsequent decrease
in the scale of trough crossbedded sets and the change to ripple cross-bedded lithofacies towards the
top reflects the decrease to slow transport velocities of the lower flow regime (Southard & Boguchwal
1990). Finally, transport ceased and the deposited strata became subject to modification by wave
action.
Micro-scale coarsening upward cycles
At Fuchsberg and Langenberg, an up to 1 m thick succession of laminated claystone-siltstone litho-
facies (LFT II) is formed of numerous up to 3 cm thick individual couplets of dark grey laminated
claystone and yellowish to greyish laminated siltstone. Each couplet is bounded by a more or less sharp
base and top and characterised by internal coarsening up in grain sizes (Fig. 2.4c). At bedding planes,
plant debris and small remains of vertebrates and invertebrates occur abundantly. Modification of
physically bedding structure by faunal activities has not been observed. Both lithologies forming a
couplet have been deposited from suspended load of a low energy subaquatic environment (Elliott
1974). The shift in grain size is commonly attributed to increased input of suspended load from a
neighbouring feeder system (Coleman et al. 1964; Elliott 1974).
The overall stacking pattern of couplets reveal their cyclic nature and resembles a ‘varve-like’
structure. Within this stacking pattern of small-scale cycles, the repeated variations of grain sizes and
thicknesses over a series of couplets suggest four bundles of couplets. These bundles comprise 105, 30,
20 and 7 individual couplets and evidence variations of input superordinated to discharge variations
that produced individual couplets (Barth 2011). Such superordinated input variations may originate
from lateral shifts of feeder systems or their progradation (Tye & Coleman 1989). Both, couplets and
their bundles, contribute to the fill of a low energy subaquatic environment.
Tempestite beds
Within the successions at Fuchsberg and Langenberg, a prominent up to 10 cm thick bed is formed of
coarser grained lithofacies types. According to conchostracan biostratigraphy and the corresponding
Figure 2.3 (facing page): Lithofacies types of the Fuchsberg quarry. a Main quarry face, eastern part: stacked
mouth bars separated by thin heterolithic beds. b Laminated claystone-siltstone lithofacies (LFT II) in section
F2 (Fig. 2.2, top of the Corollina-Porcellispora zone). Height of exposed rock around 1.5 m. c Hummocky cross-
stratified sandstone (LFT IX) with symmetric wave ripple surfaces (arrows) followed by cm-thick sets of
horizontal laminated sandstone (LFT VI) and thin intercalations of clayey heterolithics (LFT IV). d Decimeter-
thick mouth bar sands, intercalated with organic rich sandy heterolithic lithofacies (LFT III), section F1,
between 4.0 and 6.8 m above base (Fig. 2.2). Yellow parts of scale 10 cm. e Trough cross-bedded sandstone
(LFT VIII) with tangential to concave shaped toe-sets and sharp base. Close to section F10. f Crosssection
of a Thalassinoides-like, ovoid-shaped, vertical burrow penetrated in sandy lithofacies, eastern part, close to
section F6. g Hummocky cross-stratified sandstone (LFT IX) with a wavelength of 10–15 cm. Scale 10 cm.
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Figure 2.4: Depositional cycles and depositional events: a Mouth bar progradation cycle. b Distributary channel
fill cycle. c Interdistributary bay fill cycles. d Tempestite. fsi fine silt, msi medium silt, csi coarse silt, vfs very
fine sand, fs fine sand, ms medium sand.
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order of strata, the beds occur in comparable levels and are therefore considered exposures of a single
marker bed (Figs. 2.2 and 2.10).
With a sharp and slightly erosive base, sandy and clayey heterolithics are terminated by coarse
grained and low-angle cross-bedded sandstone lithofacies (Fig. 2.4d). Sets of this lithofacies are up to
7 cm high and comprise partly abundant rip-up clasts. At the top, they show fining up in grain sizes
and are followed by ripple cross-bedded sandstone lithofacies. Isolated trains of ripples are up to
3 cm thick. Their internal asymmetric structure shows parallel foreset lamina that dip in the same
direction and suggest the formation at the lee side of migrating current ripples (Jopling & Walker
1968; Kumar & Sanders 1976; Aigner 1985; Myrow & Southard 1996). In contrast, the external shape of
the ripples is symmetric and indicates modification by wave action subsequent to their formation as
current ripples (Aigner & Reineck 1982; Hunter & Clifton 1982; Aigner & Reineck 1983; Aigner 1985).
According to this, the top of the marker bed comprises a prominent rippled surface with wave ripples
of up to 3 cm amplitude and a maximum wave length of 15 cm (Fig. 2.4d). In addition, the top of
the coarse-grained marker bed is highlighted by a sharp contrast in lithology to the overlying dark
laminated claystone lithofacies (Fig. 2.4d). The claystone bed is up to 7 cm thick and grades towards
the top into sandy and clayey heterolithics.
The heterolithic lithofacies below and above the marker bed is commonly attributed to variable
input of suspended load and subsequent modification by waves and slow currents (Reineck & Singh
1980). Here, it represents the background facies of a rather low energy environment. According to
its grain size and physical bedding, the marker bed clearly evidences higher energetic conditions
for at least a short time. The erosive reworking at the base responsible for the formation of rip-up
clasts suggest erosion and transport by high-energy currents. The mud clasts are intraformational in
origin and contradict a longer transport (Smith 1972). Subsequent lowering of transport velocities
enabled the deposition of low-angle cross-bedded sandstone lithofacies under conditions of critical
flow (Miall 1977; Rust 1978). Following this, the further decrease of transport velocities produced slow
migrating trains of current ripples of the lower flow regime (Jopling & Walker 1968). Cessation of
directed transport is indicated by the formation of symmetric ripples under oscillating conditions
that are superimposed on the top of the marker bed (Harms 1975; Aigner & Reineck 1982, 1983). The
dark laminated claystone lithofacies at the top represents deposited suspended load and segues into
the heterolithic background facies.
The isolated occurrence of this thin marker bed and its internal succession of coarse-grained
lithofacies that differs remarkably from the strata below and above, and are evidence of its formation
as an event layer. Compared to the background facies, the short-term establishment of high-energy
currents in a lower energetic environment are the main features concluded. These currents introduced
coarse-grained sands from more proximal to distal depositional environments and incorporated
bone fragments and teeth of aquatic animals as well as eroded mud clasts. As the deposition has been
triggered by a decrease in velocity, we conclude that this load has been transported in suspension. The
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short-term occurrence of suspension currents that introduce coarser sediment from proximal to more
distal facies is a typical feature of tempestites of shallow storm-influenced depositional environments
(Kumar & Sanders 1976; Reineck & Singh 1980; Aigner 1985; Morton et al. 2007).
2.6.2 Granulometry
Sandstones from coarsening upward and fining upward cycles can be readily distinguished according
to their grain size distribution. Sandstones from the former are mainly composed of very fine sand and
comprise only subordinated proportions of finer (up to 12.3 % silt) and coarser grain size classes (up
to 20.9 % fine sand). Sandstones from the latter are mainly composed of fine sand with subordinated
finer (up to 34 % very fine sand and silt) and coarser grain size classes (4.3 % medium sand). Two
samples are composed of medium sand with up to 47.2 % finer and 0.7 % coarser grains (Fig. 2.5a).
As ripple cross-bedded lithofacies is mainly present in coarsening upward cycles and trough cross-
bedded lithofacies is only present in fining upward cycles the differences are clearly related to the
mode of transport. Accordingly sandstones from fining upward cycles have mean grain sizes between
2.09 and 2.87 Φ, are very well to moderate sorted (0.27–0.73 Φ) and near symmetrical to strongly
fine-skewed (0.0–0.43 Φ). Sandstones from coarsening upward cycles have mean grain sizes between
2.09 and 2.87 Φ, are generally well sorted (0.35–0.43 Φ) and fine to coarse skewed (–0.23–0.24 Φ). The
impact of transport mode on grain size distribution is further demonstrated by plotting skewness
values standardised to mean grain-size values (Fig. 2.5).
2.7 Biofacies analyses
Most of the invertebrate fossils (insects, limulids, conchostracans, malacostracans) described from
Fuchsberg and Langenberg have been found in the up to 50 cm thick fossiliferous layer referred to
as ‘Main Fossil Layer’ (MFL) or ‘Fossilführende Wechselfolge’ according to Hauschke & Wilde (1996).
In addition, some cm-thin layers of laminated claystone-siltstone lithofacies yielded accumulations
of insect and plant remains and conchostracans. In particular, plant remains are not bounded
to distinct layers or lithologies as they practically occur throughout the successions (Fig. 2.2). Of
further importance are two bonebeds as they comprise countless ‘microvertebrate remains’. The term
applies to small, microscopic fossil remains of vertebrates, in particular to small teeth of cartilaginous
and bony fishes, dermal denticles of selachians and scales of bony fishes. Amphibian or reptilian
microvertebrate remains could not be identified with certainty. The first bonebed is associated to
a tempestite layer that occurs in the successions exposed at Langenberg and Fuchsberg (bonebed
I, Figs.2.2, 2.4d and 2.10a). The second bonebed occurs in the small exposure north of the main
quarry at Fuchsberg and therefore may be slightly younger (bonebed II, Fig. 2.2b). Bulk samples were
taken from both bonebeds. The samples from the second bonebed were processed according to the
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Figure 2.5: Grain size distributions and statistical values. a Cumulative grain size distribution and grain-size
classes according to Wentworth (1922). b Box-Whisker-Plot of skewness shows on average near symmetrical
skewed mouth bar sands and on average fine-skewed distributary channel sands. c Box-Whisker-Plot of
sorting demonstrates well-sorted mouth bars sands and very well to moderate sorted distributary channel
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method described by Thies et al. (in prep) and yielded a rich material of microvertebrate remains
comprising teeth of elasmobranchs and actinopterygians, dermal denticals of elasmobranchs and
scales of bony fishes. So far, only a small part of the material from the first bonebed was desintegrated
with hydrogene peroxide and superficially monitored for microvertebrate remains.
Only the remains of insects, micro- and macrovertebrates and macroflora will be discussed in
detail. Other fossil groups (articulated fishes, coelacanthid scales, malacostracans) are currently
under revision. Most of the collected invertebrate material from Fuchsberg and Langenberg which is
described in Hauschke & Wilde (1987, 1996), Barth (2011), Barth & Kozur (2011) and Hauschke & Kozur
(2011) is stored in the Geological and Palaeontological Collections, Martin-Luther-University Halle-
Wittenberg (Germany) and in the private collection of J. Ansorge (Horst, Germany). The holotype of
Paleolimulus fuchsbergensis and a part of the macroflora is stored in Forschungsinstitut Senckenberg
(Frankfurt, Germany). The micro- and macrovertebrate remains (including the Plateosaurus femur)
are deposited in the Roemer- and Pelizaeus-Museum Hildesheim (RPMH). The larger part of the
described macroflora is stored at the Museum für Naturkunde/Leibnitz Institute for Research on
Evolution and Biodiversity at the Humboldt University Berlin (Mb.Pb. Suffix).
2.7.1 Molluscs
Schlönbach (1862) described several marine bivalves and small gastropods from shaly and sandy
lithofacies of the sandy quarries near Seinstedt: Cardium rhaeticum Merian, Taeniodon praecursor nov.
sp., Isocyprina (Taeniodon) ewaldi Bornemann, 1854, Leda deffneri Oppel & Suess, 1856?, Mytilus minutus
Goldfuss, Gervillia praecursor Quenstedt, 1856, Gervillia inflata Schafhäutl, 1851, and Rhaetavicula (Avicula)
contorta Portlock, 1843. Most of these bivalves are typical for Late Triassic environments and thought
to indicate marine conditions (e.g. Gervillia) of a probably slightly younger age (Schlönbach 1862;
Benda 1963).
Bivalves living in most cases microphagous feeding on detritus-feeding organism (foraminifers,
ostracods, diatoms or small molluscs) or plankton (bacteria, green algae, diatoms, flagellates, proto-
zoans or metazoan larvae) (Lehmann & Hillmer 1997; Ziegler 1998b). Some bivalves are scavengers
hunting small worms or crustaceans (Lehmann & Hillmer 1997). The occurrence of bivalves is closely
related to water temperature, water depth, salinity, substrate and water energy (Ziegler 1998a).
2.7.2 Arthropods
‘Conchostraca’
Hauschke & Wilde (1996), Barth (2011), Barth & Kozur (2011) and Hauschke & Kozur (2011) described
264 conchostracans from Fuchsberg and Langenberg, including Shipingia gerbachmanni Hauschke &
Kozur (2011) (Fig. 2.8d), Shipingia n. sp. aff. Shipingia etzoldi Hauschke & Kozur (2011), Euestheria sp.,
and Gregoriusella polonica Kozur & Weems (Fig. 2.8d).
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Conchostracans occur throughout the successions exposed at Langenberg and Fuchsberg and are
not bounded to a distinct stratumor lithofacies. They are accumulated at bedding planes around the
MFL and often associated with insect and plant remains (Fig. 2.2). The majority of Branchiopods
(including conchostracans) are adapted to freshwater habitats (lakes, ponds, fluvial) but also accept
brackish habitats or habitats subject to repeated salinity changes (Retallack & Clifford 1980; Storch &
Welsch 2004; Lecointre & Le Guyader 2006). In contrast to recent forms, Triassic conchostracans
probably did not tolerate higher salinities (Reible 1962). In addition, Kobayashi (1954) proposed
a correlation between the temperature of the habitat and the size of the conchostracans, with an
optimum under subtropical climate. Conchostracans are feeding on disintegrated plant material
(Stern & Stern 1971; Strenth & Sissom 1975; Royan 1976; Martin 1989).
Malacostraca
From the Main Fossil Layer, at least two taxa (probably of two superorders Syncarida and Eucarida)
and nine unassigned fragments of crustacean remains have been reported by Hauschke & Wilde (1996)
(Fig. 2.8b). All known remains are currently under revision (N. Hauschke, MLU Halle-Wittenberg,
personal communication). The majority of malacostracan crustaceans are living in euryhaline marine
habitats because of their ability to adjust their osmotic system (Ziegler 1998a). But a number of these
marine forms are adapted to brackish habitats, especially tidal environments (Ziegler 1998a). Crusta-
ceans are feeding on carrion of epibenthic biota (Lecointre & Le Guyader 2006). Fossil representatives
of the superorder Syncarida are considered mainly freshwater forms as only a few have been described
from clear marine habitats, whereas fossil representatives of the superorder Eucarida include both
marine and freshwater forms (Storch & Welsch 2004).
Limulids
Four specimens of probably one taxon, including their tracks, are described in Hauschke & Wilde (1987,
1996) and Barth (2011). Three of them, including the holotype Paleolimulus fuchsbergensis Hauschke &
Wilde (1987) (Figs. 2.8c and 2.12g), were discovered at Fuchsberg and one at Langenberg. As already
mentioned in Hauschke & Wilde (1987, 1996), limulids are very rarely preserved as fossils in Late
Triassic strata. Triassic limulids possessed an aquatic lifestyle, and recent representatives tolerate
large fluctuations of salinity, temperature and suspended load but prefered clean sandy shallow water
habitats (Malz & Poschmann 1993; Storch & Welsch 2004; Lecointre & Le Guyader 2006). Xiphosurids
are omnivores feeding on bivalves but also worms, small arthropods and carrion (Malz & Poschmann
1993; Storch & Welsch 2004; Lecointre & Le Guyader 2006). During their mating season, limulids
are able to leave their marine aquatic habitats and temporarily occupy brackish and even terrestrial
habitats (Fisher 1979, 1984; Storch & Welsch 2004). Hauschke & Wilde (1991) discussed the relationship
between the size of mesozoic limulids and their possible habitats and proposed that, contemporaneous
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to large marine specimens, smaller specimens may have occupied freshwater environments. However,
it cannot be excluded that the small specimens from Fuchsberg represent juvenile forms.
Insects
More than 60 moderately to well-preserved wing/body remains (predominantly isolated wings), often
associated with plant debris and conchostracans, are recorded (Fig. 2.2). Fine bristles and wing
venation are preserved in most cases. The insect fauna of the Seinstedt area contains typical Late
Triassic representatives of at least nine orders (Table 2.3). Because some of them are known only
from the Early Jurassic (e.g. Elcanidae, Dysmorphoptilidae; see Table 2.3), the coleopteran fauna from
Fuchsberg is considered ‘too evolved for Triassic habitats’ (Ponomarenko, Moscow, personal commu-
nication). Most known insect remains were found within the MFL at Langenberg and Fuchsberg and
the strata above, as well as the lowermost part of section F2 (Fig. 2.2), and described and illustrated in
Hauschke & Wilde (1996), Barth (2011) and Barth et al. (2011, 2013b). In general, the characterisation
of insect habitats remains difficult because of their typical allochthonous taphocoenosis. However,
some details could indicate an at least para-autochthonuous taphocoenosis: for example, a pair of
cockroach-hindwings (Fig. 2.7c) was documented by Barth (2011) that would not have been resistant
against transportation. In addition, entirely articulated dysmorphoptilids indicate the very close
relation between habitat and fossil-lagerstätte (Fig. 2.7d).
Concerning the order Ephemeroptera (mayflies), a larva (Fig. 2.7f) reliably indicates good water
quality (Hubbard & Peters 1978). Immature mayflies are entirely aquatic and are very sensitive to water
pollution and fluctuations in oxygenation (Merrit & Cummins 1978; Ward 1992; Grimaldi & Engel
2005). After Dettner & Peters (2010), recent representatives of mayflies are adapted to habitats in
moderate climates but also occur in mountainous regions. Mayflies attach their larva at or underneath
stones or at the ground of shallow water habitats. Mayflies are seldom scavengers, mostly they feed
on organic detritus or algae (Dettner & Peters 2010).
True bugs (order Hemiptera) and representatives of the order Orthopterans (grasshoppers and
others) are typical phytophagous feeder. Shcherbakov (1992) supposed that the hemipteran repres-
entative Karajassus, which is very similar to one isolated hemipteran wing (Membracoidea, MLU.
Sei2010.009) from Fuchsberg, was sucking plants. Also, the Dysmorphoptilids are phytophagous
feeders (Shcherbakov 2000). Cockroaches (order Blattodea) are omnivores, and dragonflies (order
Odonata; Figs. 2.7a and 2.12a) and partly beetles (order Coleoptera) are scavengers. Recent dragonflies
prefer vegetated habitats at lakes and ponds. Recent cockroaches live mostly in subtropical to tropical
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2.7.3 Fishes
The occurrences and distribution of chondrichthyes and osteichthyes (micro- and macrovertebrate
remains) in the two bonebeds and the Main Fossil Layer (MFL) at Fuchsberg are shown in Table 2.4.
Altogether, nine chondrichthyan and at least six osteichthyan taxa were identified. From the upper
part of the MFL, well-preserved semionotid-like fishes (Fig. 2.8a) and scales assigned to coalcanthid
fishes are described and illustrated in Hauschke & Wilde (1996) and Barth (2011). Due to high energy
transport and abrasion, most of the microvertebrate remains from the two bonebeds are poorly
preserved. The new elasmobranch taxa Synechodus n. sp. 1 and Synechodontiformes n. gen. n. sp. will
be described elsewhere (Thies et al. in prep).
Synechodontiforms are supposed to include only taxa of marine environments (e.g. Underwood
& Ward 2004). Lissodus nodosus was, however, reported from questionable brackish and freshwater
deposits (Fischer 2008). The occurrences of both marine and brackish to freshwater sharks in the two
bonebeds either confirm a brackish habitat of marine and freshwater influences or can be attributed
to processes of concentration that formed the bonebeds as ‘concentrate Lagerstätte’. According to
recent forms, all sharks from the Fuchsberg/Langenberg biocoenosis are aquatic carnivors at the top
of the food chain feeding on other fishes and/or crustaceans (Fig. 2.12h).
Semionotid fishes are frequently found in Middle to Upper Keuper lacustrine environments and are
therefore assigned to freshwater habitats (e.g. Etzold & Schweizer 2005; Havlik et al. 2013). However,
elsewhere this fish group is also described from marine sediments (e.g. McCune 1986; López-Arbarello
2008). According to their jaw structure, semionotids are aquatic carnivores ‘able to engulf prey
by sucking them into their mouths’ (Murry 1989) or they ‘may have also been browsers or nibblers
and their diet may have included a wide variety of nectonic, planktonic and benthonic animals’
(Schaeffer & Rosen 1961; Schaeffer 1967; Murry 1989). The articulated duripartic preservation of
complete semionotid-like fishes in the MFL suggest that they have been part of the autochthonous
population and following their death rapidly embedded without decomposition. However, this is
supported by the lack of any bioturbation feature of the MFL but in contrast to epibenthic crustaceans
(malacostracans) which are considered part of a necrophage decomposer fauna.
The habitat of Late Triassic coelacanthiformes is still under discussion. According to Müller (in
Hauschke & Wilde 1996) coalcanthid fishes were adapted to marine environments. In contrast, Caroll
(1997) mentioned a few freshwater forms among the marine Actinistia of the Mesozoic. Also the
Late Triassic genus Chinlea Schaeffer, 1967 from the Chinle-Formation in North America occurs in
terrestrial sediments (Yabumoto 2008). However, remnants of this fish group are very rare in the
Germanic Triassic (Schultze & Kriwet 1999) and all described remnants have been found in marine
sediments (Winkler 1880; Seilacher 1943; Schweizer 1966; Gall et al. 1974).
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2.7.4 Phytoplankton
Schlönbach (1862) did not mention further specified remnants of diatoms from Fuchsberg. Accord-
ingly, recent palynological investigations of Heunisch in Seeling (1999) and Barth (2011) confirm a
marine influence (Table 2.6; Heunisch 1998, 2011a,b). Following the Sporomorph Eco Group (SEG)
model of Abbink (1998) and Abbink et al. (2004a,b), modified for the Triassic by Ruckwied (2009) and
Kustatscher et al. (2012), the prasinophycacean genera Tasmanites and Botryococcus are attributed to
lagoonal-brackish environments (ALB SEG). In addition, Tasmanites may suggest slightly hypersaline
conditions (Heunisch 1998). The prasinophycacean genera Leiosphaeridia is assigned to marine en-
vironments (AM SEG). The taxonomic position of Schizosporis found at base of section F1 is still not
clear; either it belongs to pollen or to Zygnematacean algae.
2.7.5 Ichnofossils
Several unbranched, vertical, ovoid-shaped and unlined burrows (some cm length, 0.5 cm in diameter)
are documented in sandy and heterolithic layers (Fig. 2.3f). Concerning shape, size, orientation and
substrate, this ichnofossil probably belongs to the ichnogenus Thalassinoides. Decapod crustaceans
are commonly considered producers of such dwelling structures in sandy to muddy soft ground
of intertidal, lagoonal and shoreface environments (IRG & Pemberton 1999; Buatois & Mángano
2011). However, only vertical tubes have been observed that may have provided excess to branched
horizontal mazes. In addition, Hauschke & Wilde (1987) mentioned small, parallel trended, V-shaped
imprints as limulid tracks.
2.7.6 Tetrapods
Plateosauridae
One sinistral femur of the prosauropod dinosaur Plateosaurus laevis (Quenstedt) was published by
Fraas (1897) as ‘Zanclodon laevis’ (Figs. 2.6e, f). The femur was found 1896 in the locality ‘Langenberge
bei Hedeper’ (Fraas 1897). Jüngst (1928, p. 109) relocated it to the eastern part of the Fuchsberg quarry.
Due to damage during World War II, only the distal part is now preserved in the collections of the
Roemer- and Pelizaeus-Museum Hildesheim Nr. NKP 13466. The overall length of the femur is 51 cm
(Fig. 2.6e, f). According to Sander (1992, 1999), Plateosaurids were the first herbivores feeding on plants
(conifer branches and twigs) at an elevation of more than 1 m above ground. In Late Triassic times,
Plateosaurids have been widely distributed and populated various terrestrial environments (Jaekel
1911; von Huene 1926; Galton 1984) (Fig. 2.12d). A few localities in Central and southern Germany
provided excellent complete and articulated individuals and groups that have been embedded by
catastrophic sheetfloods (Haubold 1989; Sander 1992, 1999). Disarticulated bones of Plateosaurus were





Besides the Plateosaurus femur, several fragments of undetermined amphibian cephalic remains from
the phosphoritic layer at section F1 are preserved as imprints because the original bone matter was
mostly resolved during diagenesis (Fig. 2.6g, h). The amphibian remains were collected from the
so-called phosphoritic horizon of the Fuchsberg quarry, see Hauschke & Wilde (1996, Fig. 2.4) and
Fig. 2.2. This material was originally discovered by Dr. J. Solcher in June 2008. Because of the poor
preservation, the taxonomic determination and therefore the further characterisation of amphibians
within the trophic structure of the Fuchsberg ecosystem is not possible (Fig. 2.12e).
2.7.7 Plants
Plant remains (conifer shoots, cones, scales, stem and leaf fragments) were found in the laminated
silty to clayey strata as well as sandy layers. The occurrence of the plant debris is allochthonous and
not bound on distinct layers. Most of the plant remains are disarticulated and badly preserved; conifer
reproductive organs, leaves and other plant remains are rarely collected.
Seinstedt has been known for its plant remains since the nineteenth century (e.g. Brauns 1862, 1866;
Schenk 1867; see also Table 2.5). Brauns (1862, 1866) described plant remains from a 9-m (30-foot)-deep
quarry northeast of Seinstedt, what he considered the most important outcrop of this area and what
is probably to equate with the Fuchsberg quarry. According to the author, the flora is composed of
sphenophytes (Calamites), ‘ferns’ (Taeniopteris) (Fig. 2.9d and 2.12b), Odontopteris, Laecopteris, Cyclopteris,
Clathropteris, Camptopteris, Pecopteris, Cyatheites) as well as cycadophytes (Nilssonia, Pterophyllum) and
‘Graminaceae’ (Arundinites; Brauns 1862). Schenk (1867) and Schimper (1869, 1872, 1874) re-attributed
some of the species of Brauns (see Table 2.5). Jüngst (1928) enlisted from the northeast slope of
Fallstein (near Fuchsberg) for the first time ginkgophyte (Ginkgo), conifer (Thuites) and seed fern
(Ptilozamites, Lepidopteris) remains. Finally, Hauschke & Wilde (1996) mentioned for the first time the
cheirolepidiaceous Hirmeriella muensteri.
New material was collected at Fuchsberg by one of the authors (G. B.) and the figures in the his-
torical publications were studied for a better understanding of the flora of Seinstedt. The historical
Figure 2.6 (facing page): Micro- and macrovertebrate remains. a Polyacrodus sp., lateral tooth, from bonebed in
section F13, RPMH, cat. no. NKP 3985. b Synechodus n. sp. 1, postero-lateral tooth, from bonebed in section F13,
RPMH, NKP 3969. c Rhomphaiodon nicolensis, antero-lateral tooth, from bonebed in section F13, RPMH, NKP
3986. d Synechodontiformes n. gen. n. sp., antero-lateral tooth, from bonebed in section F13, RPMH, NKP
3978. e Plateosaurus laevis, sinistral femur, length 0.51 m, RPMH, NKP 13466. f Same specimen from behind.
g Undetermined amphibian, imprint of a bony plate, RPMH, NKP 13477. h Another specimen, RPMH, NKP
13473.
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2 Late Triassic habitats at a fluvial-dominated delta plain (Seinstedt, Germany)
collection of Fuchsberg in Berlin (25 specimens) is dominated by Hirmeriella muensteri (Schenk) Jung
1968 shoots and male cones (Fig. 2.9a), while the newly collected material also shows badly preserved
fragments of Clathropteris meniscoides Brongniart, 1828, sphenophytes stem fragments and Ctenozam-
ites cf. wolfiana (Gothan) van Konijnenburg-van Cittert et al. (1998) leaf remains (Fig. 2.9b, c). The
material is mostly badly preserved, when coalified material is preserved it seldom yielded cuticles. The
historical collection of Seinstedt stored at Berlin (about 120 specimens) is preserved as impressions
on coarse sandstone; in most cases venation and finer details are not preserved. The collection is
dominated by narrow elongated leaves with an entire margin labelled Oleandrium tenuinerve Brauns,
1862 (about 60 specimens; Fig. 2.9d) which probably belong to Taeniopteris typ orientalis Heer, 1878
or Marattia intermedia (Münster) Kilpper, 1964 known from the Rhaeto–Liassic of Iran, Afghanistan
(Schweitzer et al. 1997; Schweitzer & van Konijnenburg-van Cittert 2000) and Bayreuth (Weber 1968),
and from the Early Jurassic of Nürnberg (Gothan 1914). Unfortunately, the venation pattern is not well
enough preserved for a specific determination. At least one fragment probably belongs to Anomozam-
ites Schimper, 1870 (Fig. 2.9e). Pterophyllum maximum Germar, 1879 is known to the authors only
from literature. Since the preservation is not good enough for cuticle analyses, an attribution of this
material to the bennettitalean genus Anomozamites as proposed by Schimper, (1870–72) is not possible.
Actually, general macromorphology suggests rather an attribution to the cycadalean genus Nilssonia
Bronn, 1835 (personal communication and Van Konijnenburg-van Cittert, 2013). Nilssonia elongata
Brongniart, 1828 and Pterophyllum muensteri Göppert, 1844 are mentioned in the literature, but have
not been found so far. Sphenophytes (about 20 specimens labelled partly as Arundinites priscus Brauns,
1862 and Calamites guembeli Schenk, 1867) are preserved as impressions of the stems with vascular
bundles. Similar fragments have been described as Neocalamites lehmannianus (Göppert) Weber 1968
from the Rhaeto-Liassic of Bayreuth (Weber 1968). Other material figured in the literature belongs to
Neocalamites hoerensis (Schimper) Halle, 1907, while no Equisetites muensteri Sternberg, 1828, mentioned
by Jüngst (1928), has been found in the collections. The ferns are rare (about 10 specimens) with
frond remains of Dictyophyllum exile (Brauns) Nathorst, 1878 (Fig. 2.9f) and Phlebopteris angustiloba
(Presl in Sternberg) Hirmer & Hörhammer, 1934. The frond fragments labelled and figured as Cyclop-
teris crenata Brauns, 1862 do not show any venation; the shape and the leathery texture suggest that
they may represent aphlebia of ferns. The seed ferns are poorly and very fragmentarily preserved
and rare (8 specimens). Nonetheless, four different taxa have been distinguished (Ctenozamites cf.
Figure 2.7 (facing page): Fossils from Fuchsberg and Langenberg, a Italophlebia baueri, fore wing, Late Norian,
MFL, Langenberg, MLU.Sei2010.253a, scale 1 cm, see also Fig. 2.12a. b Polyphaga indet., dorsal side, Late
Norian, MFL, Fuchsberg-west, MLU.Sei2010.028, scale 1 mm. c Voltziablattinidae indet, pair of hind wings,
Late Norian, MFL, Langenberg, MLU.Sei2010.242, scale 0.5 cm. d Dysmorphoptilidae indet., entire body
imprint, Late Norian, MFL, Langenberg, MLU.Sei.2010.271a, scale 0.5 cm. e Ipsvicia langenbergensis, holotype,
Late Norian, MFL, Langenberg, MLU.Sei2010.182, scale 1 mm. f Ephemeroptera indet., larva, Late Norian,
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wolfiana (Gothan) van Konijnenburg–van Cittert et al. 1998, Lepidopteris ottonis (Göppert) Schimper,
1869, Ptilozamites blasii (Brauns) Nathorst, 1879, Ptilozamites heeri Nathorst, 1878; Fig. 2.9g), well known
from the Rhaetian of Europe (e.g. Harris 1932, 1937; Kelber & van Konijnenburg-van Cittert 1997; van
Konijnenburg-van Cittert et al. 1998; Kustatscher & van Konijnenburg-van Cittert 2007; Zavialova &
van Konijnenburg-van Cittert 2011). The bonebed of Seinstedt also yielded conifer remains labelled
as Thuites schloenbachi Schenk, 1867 which belong to Hirmeriella muensteri (Fig. 2.9a), a typical species
of the Rhaetian–Liassic of Germany and Poland (e.g. Jung 1968; Weber 1968; Barbacka et al. 2007
and references therein). The plant remains from Seinstedt have no biostratigraphic value as most
of them have so far been recorded from Rhaetian–Liassic sediments or even have a more extensive
stratigraphic record. The general composition with a high abundance of cycadophytes, common
ferns and horsetail remains suggest upper delta plain or fluvial floodplain environments as habitats.
As the successions at Fuchsberg and Langenberg are generally rich in plant remains (mostly debris)
repeated sheet flooding or crevassing is concluded for upstream lowland environments. Shoots, leaves
and reproductive organs of the land plants were introduced via distributary channels and reworked
during transport. The conifers are so far represented only by the cheirolepidaceae Hirmeriella. Since a
near-sea environment has been postulated (e.g. Weber 1968), Hirmeriella probably was part of lower
delta plain plant communities that vegetated margins of interdistributary bays (Fig. 2.12c).
Indications for plant-feeding by insects were not recorded.
Spores and pollen
More than 30 samples for palynological analyses were taken at Fuchsberg and Langenberg (Table 2.6).
The samples are dominated by Corollina (Classopollis) spp. and Granuloperculatipollis rudis; spores are
represented by few elements (e.g. Deltoidospora, Calamospora, Punctatisporites). Typical elements of
the Keuper such as Enzonalasporites, Vallasporites and Ovalipollis are well represented. Ricciisporites
tuberculatus is rarer then Ovalipollis spp. Notable is the presence of Spiritisporites spirabilis previously
found together with Granuloperculatipolles rudis in the upper Gipskeuper (Mainhardt Formation), and
lower Steinmergelkeuper (Heunisch & Nitsch 2011). This could indicate a slightly younger age for
the lower samples. The sections can generally be attributed to an Early Rhaetian age (also due to the
presence of Ricciisporites tuberculatus), corresponding to the Corollina-Enzonalasporites zone of Lund
(1977) and Granuloperculatipollis subzone following Heunisch (1999). The palynofacies is composed of
Figure 2.8 (facing page): Fossils from Fuchsberg, a Semionotus-like actinopterygian, Late Norian, MFL, Fuchsberg-
west, MLU.Sei2010.076. b Malacostraca indet., Late Norian, MFL, Fuchsberg-west, MLU.Sei2010.092. c
Paleolimulus fuchsbergensis, holotype, Late Norian, MFL, Fuchsberg-west, SMF VIII 311, picture from Hauschke &
Wilde (1987). d Conchostracans: Shipingia gerbachmanni (bottom left) and two Gregoriusella polonica (top centre
and right) on one bedding plane, latest Sevatian to earliest Rhaetian, between MFL and ‘Grüne Grenzhorizont’,
MLU.Sei2010.118. e Coelacanthid scale, Late Norian, MFL, Fuchsberg-west, MLU.Sei2010.078. All scales 1 cm,
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spores and pollen from land plants and comprises abundant Inertite. Both originates from vegetated
environments of the upper delta plain or fluvial floodplains.
2.8 Depositional environment
2.8.1 Facies associations and depositional architecture
According to lithofacies types and their stacking pattern, sedimentary architecture and fossil content,
a fluvial dominated delta plain that was dissected by distributary channels is reconstructed. Laterally
distributary channels were associated to mouth bars and interdistributary bays.
Lower delta plain wetlands
The exposures at Fuchsberg and Langenberg comprise a significant portion of heterolithic and
horizontal laminated lithofacies forming tabular and laterally persistent sediment bodies. In an
overall aggradational architecture these tabular bodies are intercalated with those of mouth bars,
distributary channels and interdistributary bays but lack internal trends that can be attributed
to sedimentary cyclicity (Fig. 2.10). The heterolithic and horizontal laminated lithofacies suggest
deposition of suspended load and modification by wave action and unidirectional flows (Reineck 1963;
Reineck & Singh 1980). Further evidence of frequent modification under oscillatory conditions is
given by wave ripples and hummocky cross-stratification (de Raaf et al. 1977; Arnott & Southard 1990;
Dumas & Arnott 2006). The occasional occurrence of convolute bedding results from loading of soft
and unconsolidated fine clastics due to at least temporally higher sedimentation rates. As indications
of at least temporal subaerial exposure like mud cracks, incipient soils and rooted horizons are
lacking, the permanent exposure to subaquatic conditions is concluded. The described autochthonous
aquatic biota (mostly conchostracans) tolerate either freshwater or brackish to freshwater conditions
(Retallack & Clifford 1980; Storch & Welsch 2004; Lecointre & Le Guyader 2006). In particular,
the recorded phytoplankton forms Botryococcus, Tasmanites and Leiosphaeridia provide more reliable
arguments for a brackish influence. Accordingly, the distal part of a lower delta plain with wetlands
that where permanently exposed to subaquatic conditions is reconstructed (Fig. 2.12).
The delta plain forms the flat-lying topset strata of a delta (Gilbert 1885) and is defined by the
presence of distributary channels (Bhattacharya 2006). Its landward limit is commonly drawn at
the point where a trunk streams become unconfined and distributive; seawards, it is limited by
Figure 2.9 (facing page): Macroplant remains from Seinstedt area, a Hirmeriella muensteri, MB.PB.2013_1055.
b Clathropteris meniscoides, MB.PB.2013_1637. c Ctenozamites, MB.PB.2013_1078. d Taeniopteris orientalis,
MB.PB.2013_1656. e Anomozamites, MB.PB.2013_1571. Note the feeding traces. f Dictyophyllum exile, MB.PB.


















the shoreline of the delta front (Elliott 1986). The landward limit of marine incursions enable the
subdivision into upper and lower delta plain (Coleman & Prior 1982). Both the upper and larger parts
of the lower delta plain are subaerial exposed and vegetated and only the distal part of the lower delta
plain is permanently exposed to subaquatic conditions (Coleman & Prior 1982; Elliott 1986).
The abundant plant remains as well as spores and pollen recorded at Fuchsberg and Langenberg
give considerable insights into upstream environments. Cycadophytes, common ferns and horsetail
remains are considered part of a persistent flora that vegetated floodplains and lowlands. These
plants (as well as the Plateosaurus femur) were washed away during sheet flows and deposited in the
lower delta plain through distributary channels. The cheirolepidaceae Hirmeriella preferred moist
habitats of the upper and proximal lower delta plain (Weber 1968) and, probably, vegetated levees of
distributaries.
Figure 2.10: Facies architecture at Fuchsberg and Langenberg. For key see Fig. 2.2. a Overview, note bifurcation
of two time-constrained distributary channels at Langenberg and Fuchsberg. The storm event layer partly
contains the bonebed I. b–c Detailed sketches of proximal and distal mouth bar/channel complexes exposed at
Fuchsberg with sections F8–F12 and F2–F7. d Transport directions of distributary channel fills at Fuchsberg.
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Distributary channels
At Fuchsberg, two more or less symmetric channels of up to 100 m width and up to 3 m thickness are
exposed (Fig. 2.12). The channels have convex downward bases and flat tops, and are incised into
tabular sedimentary bodies mainly formed of ripple cross-bedded lithofacies. The fill is composed
of fining upward cycles that comprise stacked sets of trough crossbedded lithofacies (Fig. 2.10b). In
terms of grain sizes, these sets are noticeable coarser compared to strata below and above (Fig. 2.5).
At the top, the channel fill is composed of ripple cross-bedded lithofacies and often superimposed
by hummocky cross-stratification (Fig. 2.10). The simple fill of channels appears single-storied as
subordinated inclined bounding surfaces that would indicate lateral shifting has not been observed.
The channels were lateral only confined by incision; strata that can be attributed to natural levees
were not observed. At Langenberg, a comparable channel fill is partly exposed (Fig. 2.10a).
The simple symmetric and single-storied architecture of channels and their fining upward fill
suggest straight channels that were incised during stages of higher transport velocities and later
subsequently filled during stages of lowered transport velocities. Reactivation or erosion within the
channel fills have not been observed. Accordingly, only the lower parts of the channel fills comprises
coarse grained trough crossbedded lithofacies, whereas the upper parts are either modified by wave
action (HCS) or formed of finer grained ripple crossbedded lithofacies (Fig. 2.10b). This indicates
that the respective channel was only active for a shorter interval of time and later became inactive
due to lateral shift or avulsion.
Channels of comparable architecture have been described from the straight distal ends of dis-
tributaries of high constructive fluvial-dominated delta systems (Fisher 1972; Tye & Coleman 1989;
Reading 1996). Such systems are, by definition, progradational and characterised by bifurcation of
distributary channels at their distal ends as well as avulsion of delta lobes (Fisher 1972). Bifurcation
of a main distributary into two or more minor distributaries is a common feature at the lower delta
plain where the main channel is not longer confined by subaqueous levees (Russel 1967; Fisher 1972).
Such a bifurcation is possibly exposed in the lower parts at Fuchsberg/Langenberg, as the lower
channel at Fuchsberg is time constrained to the channel at Langenberg by means of conchostracan
biostratigraphy and the corresponding order of strata. Lateral distributary shift or avulsion of a delta
lobe is indicated by laminated interdistributary bay lithologies that follows distributary channel fills
at Fuchsberg and Langenberg (Figs. 2.2, 2.10a).
Mouth bars
Tabular sedimentary bodies of up to more than 100 m lateral extent and up to 4 m thickness form
prominent sandstones at Fuchsberg/Langenberg (Fig. 2.3). On a larger scale, these sandstones show
aggradational architecture and interfinger with delta plain and interdistributary bay lithologies. On a
smaller scale, they are composed of up to 2-m-thick coarsening upward depositional cycles (Fig. 2.10).
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The vertical shift from horizontal-laminated siltstone-sandstone to ripple crossbedded sandstone
lithofacies results from progradational pattern and increasing importance of bed load transport
(Fig. 2.4). At their top, hummocky cross-stratification indicates modification by wave action (Figs. 2.3,
2.10).
Similar upward-coarsening successions have been commonly described from progradational
mouth bars of modern deltas (Scruton 1960; Coleman & Wright 1975; Elliott 1986). At the mouth
of a distributary channel, transport velocity decreases and transported load forms a larger mouth bar
(Fisk et al. 1954; Fisher 1972). Due to wave action, mouth bars are smoothed and elongated parallel to
the shoreline (Wright 1977; Fielding et al. 2005) and form sand bodies of up to several kilometres long
and wide (Reynolds 1999). Vertical successions of lateral associated distributary channels and mouth
bars form if the delta progrades basinwards and the channel overrides and incises into precursor
mouth bar deposits (Bhattacharya & Walker 1992). At Fuchsberg, such vertical successions of pre-
cursor mouth bars and incised distributary channels form ‘complexes’. In the lower part, two larger
and proximal mouth bar/channel complexes are attributed to successive progradation of the delta,
whereas the smaller and distal mouth bar/channel complex in the upper part is rather attributed to
the interdistributary bay fill (Fig. 2.10).
Interdistributary bay
Both the exposures at Fuchsberg and Langenberg comprise an up to 1-m-thick succession of laminated
claystone-siltstone lithofacies that can be correlated due to conchostracan biostratigraphy and the
corresponding order of strata (Fig. 2.2). By means of this, an at least several hundred meters wide
and 1-m-thick tabular sediment body can be reconstructed that aggrades onto a mouth bars/distribu-
tary channel complex (Figs. 2.10, 2.12). The horizontal-laminated fine grained lithofacies point to
suspended load as dominant mode of deposition and 1- to 2-cm-thick micro-scale coarsening upwards
cycles suggest slight variations in discharge (Bhattacharya 2006). Besides the ‘varve-like’ lithofacies,
the abundant aquatic biota recorded in the MFL point to a larger aquatic ecosystem at the lower
delta plain that received only limited detrital input. In particular, the phytoplankton forms (Schizo-
sporis, Botryococcus, Leiosphaeridia) suggest at least a temporal brackish influence and the overall trend
towards silty to sandy lithologies reflects a successive shallowing (Walker & Harms 1971; Bhattacharya
& Walker 1991). All these characteristics are described from recent analogues of interdistributary bays
(Coleman et al. 1964; Donaldson et al. 1970; Elliott 1974; Tye & Coleman 1989).
Interdistributary bays are sub-environments of delta plains and form shallow water bodies or
swamps between the downstream end of distributary channels and their associated mouth bars.
These bays are commonly open to the sea but may also be (partially) enclosed and conditions range
from saline to nearly fresh (Coleman et al. 1964; Gould 1970; Elliott 1974; Tye & Kosters 1986). In
general, the fills of interdistributary bays are dominated by laminated light to dark grey fine clastic
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lithologies (clays, silts, fine sands) introduced due to overbank spilling or crevassing (Elliott 1974; Tye
& Coleman 1989).
At Fuchsberg/Langenberg, the interdistributary bay evolved on top of a mouth bar/distributary
channel complex and was terminated by a mouth bar/distributary channel complex its development
was probably linked to avulsion of distributary channels (Mackey & Bridge 1995; Holbrook 1996).
2.8.2 Geochemistry
At Fuchsberg, gamma ray readings are increased to about 150 cps within a distinct horizon 120–150 cm
above the MFL (Fig. 2.11b, black curve). This horizon can be traced around Seinstedt and was prospec-
ted for uranium and thorium in the 1960s. According to Benda (1963), these elements are concentrated
in phosphorite concretions as phosphatic complexes or minerals (apatite) with a maximum uranium
content of 775 ppm. This can be confirmed by the covalent trend of P2O5 and the U/Th ratio (Fig. 2.11b);
however, new data suggest only strong increased thorium values whereas uranium values are only
slightly increased. Accordingly, nickel and cobalt values are increased in samples with higher thorium
and uranium values (Table 2.7). Following Paul & Siggelkow (2004), oxidized uranium of eroded rocks
was mobilized as uranyl-ion and adsorbed on clay minerals. Entering subaquatic environments at
Fuchsberg, this complex was reduced by sulfide-rich water and fixed in sediment as hardly dissolve-
able UO2. In this way, the lower delta plain was considered a trap for uranium and other elements
like copper, zinc or lead precipitated as sulfides (Paul & Siggelkow 2004). Lateral variations in redox
conditions are indicated as the corresponding horizon at Langenberg is only slightly enriched in
nickel and cobalt but not thorium and uranium (Fig. 2.11b). Palaeoredox indices U/Th and Ni/Co
measured at Fuchsberg and Langenberg successions suggest deposition under general oxic conditions
(Jones & Manning 1994). Temporal dysoxic or anoxic conditions were only locally restricted (Fig. 2.11a,
b) and may be responsible for the occurrence of well-preserved fishes in an individual layer of the
MFL (Hauschke & Wilde 1996). However, persistent dysoxic or anoxic conditions of interdistributary
bay environments (MFL) are not indicated, based on these indices.
2.8.3 Delta plain and floodplains: a brief synopsis of habitats
Based on litho- and biofacies analyses, the delta plain of a fluvial-dominated delta type is reconstructed.
The recorded fauna and flora enable the recognition of an autochthonous lower delta plain exposed
at Fuchsberg and Langenberg and allochthonous upper delta plain and floodplain environments
exposed upstream (Fig. 2.12).
The lower delta plain includes subenvironments of (1) subaqueous wetlands, (2) mouth bar/distri-
butary channel complexes and (3) interdistributary bays. In particular, the autochthonous ecosystem
of the interdistributary bay can be characterised by successive trophic levels that formed food chains.
Phytoplankton and plant remnants are considered primary producers that fed primary consumers like
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Table 2.7: Geochemical dataset of Fuchsberg section F1 and Langenberg section L1; for location and logs, see
Figs. 2.1 and 2.2.
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Figure 2.11: a Cross-plot of palaeoredox indices U/Th versus Ni/Co (Jones & Manning 1994). b Palaeoredox
indices U/Th and Ni/Co measured at Langenberg (left) and Fuchsberg (right) point to spatial and temporal
restricted dysoxic or anoxic conditions only; note: base of section F1 does not correspond to base of section L1.
For data, see Table 2.7.
conchostracans, malacostracans, insect larvae and juvenile semionotid and coelacanthid fishes. Adult
fishes, limulids and small sharks (teeth remains found in bonebed I and II) are considered secondary
consumers that fed on primary consumers. Possible tertiary consumers and/or top predators are
represented by amphibians and larger sharks. In addition, malacostracans and limulids acted as
decomposers.
Most of the groups that inhabited the lower delta plain and the interdistributary bay are thought
to tolerate larger fluctuations of salinity (bivalves, coelacanthids, sharks, limulids). However, in
particular, the prasinophycacean genera Leiosphaeridia and the bivalve genera Gervillia and Rhaetavicula
provide a robust argument for a marine influence and therefore a brackish salinity is reconstructed.
Oxygenation of water is suggested by epibentic fauna like crustaceans, insect larvae and geochemistry
(palaeoredox indices: U/Th, Ni/Co).
Due to excellent taphonomical conditions within the interdistributary bay, at least some trophic
levels of parautochthonous riparian ecosystems of the lower delta plain can be reconstructed. Plants
that populated the banks of the interdistributary bay like the cheirolepidacean conifer Hirmeriella
represent primary producers that fed primary consumers like herbivore dysmorphoptilids and grass-
hoppers as well as omnivore cockroaches. Carnivore dragonflies (Figs. 2.7a, 2.12a) and beetles as well
as omnivore cockroaches are considered secondary consumers. However, further trophic levels of the
riparian ecosystem were not recorded.
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2.9 Conclusions
Floral and faunal remnants of upper delta plain and floodplain environments were introduced via
fluvial and distributary channels. These upstream environments were vegetated with a flora composed
of abundant cycadophytes, ferns and horsetails. The Plateosaurus femur recorded at Fuchsberg indicate
that large herbivores fed on this rich vegetation (Fig. 2.12d). The vegetated upper delta plain and
floodplain environments are considered basic trophic level of a number of terrestrial ecosystems that
are, due to taphonomical bias, nor preserved at Fuchsberg and Langenberg.
2.9 Conclusions
1. The comprehensive revision of both exposures revealed a well-documented ecosystem of a
fluvial-dominated delta plain. Delta formation was controlled by progradation, bifurcation of
distributary channels and avulsion of delta lobes.
2. The exposures at Fuchsberg and Langenberg are constrained to the Norian/Rhaetian boundary
interval by means of conchostracan and palynomorph biostratigraphy. The transition from the
polonica/gerbachmanni zone to the polonica zone and from the GTr 17 zone to the GTr 18 zone
is well documented at Fuchsberg (Fig. 2.2). Both exposures can be reliably correlated by means
of conchostracan biostratigraphy and the corresponding order of strata.
3. At Fuchsberg and Langenberg, the distal lower delta plain is exposed with brackish subaqueous
delta plain wetlands, mouthbar/distributary channel complexes and interdistributary bay sub-
environments.
4. A diverse fauna is documented from the specific subenvironments: limulids (1 taxon), malaco-
stracans and conchostracans (several taxa) from the lower deltaic plain, amphibians (at least 1
taxon), sharks (several taxa) and osteichthyan fishes (at least 6 taxa) from the interdistributary
bay and at least 20 taxa of 9 insect orders and plateosaurids from riparian or upstream envir-
onments. The trophic systems of autochthonous subaqueous and parautochthonous riparian
habitats are well preserved within fossiliferous interdistributary bay lithologies.
5. The reconstruction of vegetated upstream environments at the upper delta plain and floodplain
is enabled by abundant remnants of cycadophytes, ferns, horsetails and large vertebrates.
6. The marine-influenced lower delta plain at Fuchsberg/Langenberg, documented by, e.g. phyto-
plankton and sharks, confirms an early transgression of the ‘Rhaetian Sea’ as far east as SE
Lower Saxony.
Acknowledgements We acknowledge field assistance of K. Rauppach (Neubrandenburg), J. Solcher
(Egestorf) and J. Zimmermann (Freiberg), and K. Bauer (Bozen) for photographing the macroflora
51
2 Late Triassic habitats at a fluvial-dominated delta plain (Seinstedt, Germany)
Figure 2.12: Reconstruction of deltaic environments and habitats of the Seinstedt area, all drawings by Frederik
Spindler (Freiberg, Germany). a Italophlebia baueri, body length around 7 cm. b Taeniopteris sp., height around
30 cm. c conifer and seedfern forest, height of trees around 20 m. d Plateosaurus sp. cadaver, length of femur
0.5 m, see Fig. 2.6e, f; Plateosaurus body height not to scale at position ‘d’ in the environmental reconstruction. e
Mastodonsaurus sp., length around 1 m. f coelacanthiform fish, length around 1.5 m. g Paleolimulus fuchsbergensis,
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3 Distributive fluvial systems of the Exter Formation
in the North German Basin: their recognition and
morphology
Original-Zitat Barth, G. & Franz, M. (noch nicht publiziert): Morphology and lithofacies of terminal
fluvial fans and adjacent facies associations of the Lower Exter Fm (Rhaetian, Late Triassic) in the
North German Basin.
Autorenanteile Diese Publikation wurde hauptsächlich konzeptuiert und verfasst von den Autoren
Gregor Barth (Lithofaziesanalyse, Biostratigraphie, Fazieskarten, Granulometrie, Ablagerungsraum,
geothermisches Potenzial) und Matthias Franz (Sequenzstratigraphie, Lithofazies, Ablagerungspro-
zess).
3.1 Abstract
The modern understanding of structure and interrelation of fluvial bed, floodplain, delta and lateral
depositional areas increase with the investigation of ancient depositional environment of the same
type. However, sedimentological and morphological studies are mostly hampered due to limited
subsurface data, especially by limited data from cored wells or seismic.
This study is based on approx. 580 wire line logs and 350 m cored material in combination with
litho- and biofacies, resulting in three high-resolution subsurface maps (including sand thickness
overlays) of the Lower Rhaetian (Lower Exter Formation) depositional environment in the NGB. The
reconstructions reveal, that the fluvial deposits of the Lower Exter Fm are controlled by sedimentolo-
gical main cycles. Up to 60 m thick sandstone units of well sorted, high-mature quartz-sandstones
were deposited by a bifurcated channel system transporting clastic material from the Scandinavian
realm (Fennoscandian high) to the south. The channel sandstones were deposited in wide parts of the
NE German Basin (Mecklenburg-Vorpommern, northern Brandenburg, eastern Lower Saxony) on
the underlying floodplain environment, and are interfingered with sheet floods and floodplain muds.
This sandy, stacked fluvial deposits reach a thickness and extent that make them interesting for
aquifer-related applications (e.g. geothermal usage). Some of them have already been used successfully
for geothermal projects for decades.
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Zusammenfassung Das moderne Verständnis von Struktur und Zusammenhängen von Flussbet-
ten, Überflutungsebenen, Deltas und seitlich gelegener Bereiche nimmt mit der Untersuchung der
geologisch alten Ablagerungsräume desselben Typs zu. Allerdings sind sedimentologische und mor-
phologische Untersuchungen oft durch verfügbare Daten des Untergrunds (insbesondere aus Kern-
bohrungen und Seismik) begrenzt.
Diese Studie basiert auf der Auswertung von ca. 580 Bohrlochmesskurven und 350 m Bohrkernma-
terial von Ablagerungsräumen der Unteren Exter-Formation (Unteres Rhät) im NDB. Auf Grundlage
von litho- und biofaziellen Untersuchungen entstanden drei hochauflösende Untergrundkarten
(inkl. Sandmächtigkeitslinien). Die Rekonstruktion zeigt, dass die fluvialen Ablagerungen der Unte-
ren Exter-Formation von sedimentologischen Großzyklen gesteuert werden. Bis zu 60 m mächtige
Sandstein-Einheiten aus gut sortierten, reifen Quarz-Sandsteinen wurden abgelagert durch gegabel-
te Rinnensysteme, die klastisches Material aus dem skandinavischen Raum (Fennoskandisches Hoch)
nach Süden transportiert haben. Die Rinnensandsteine wurden in weiten Teilen des NE-deutschen
Beckens (Mecklenburg-Vorpommern, nördliches Brandenburg, östliches Niedersachsen) auf der
Überflutungsebene abgelagert und vermischen sich mit Schichtflut-Sedimenten und Feinklastika
der Überflutungsebene.
Die sandigen, gestapelten fluvialen Ablagerungen erreichen eine Mächtigkeit und Ausdehnung,
die sie für Reservoir-bezogene Anwendungen (z. B. Geothermie) interessant werden lassen. Einige
von ihnen werden bereits seit Jahrzehnten für Geothermie-Projekte erfolgreich eingesetzt.
3.2 Introduction
Fluvial deposits are among the economically most interesting sediments. As in all geological studies,
the study of recent examples of fluvial systems provides a better knowledge of ancient depositional
environments. Unfortunately, ancient systems, especially those of the Mesozoic, are not adequately
understood. High-resolution subsurface investigations of these ancient river systems are rare and
mostly limited to regional studies (e.g. Schickor 1969; Aepler 1974; Battermann 1989; Scholle 1992;
Beutler et al. 1999). However, the knowledge about depositional model and sandstone distribution
are in many parts uncertain, especially for the NE of the NGB. Recent large-scaled palaeogeographic
reconstructions of the Lower Exter Fm (e.g. Beutler & Nöldeke 1978; Ziegler 1990; Beutler & Nitsch
2005; Franz 2008; Franz & Wolfgramm 2008; McKie & Williams 2009; Obst et al. 2009; Bachmann
et al. 2010; Brandes & Obst 2010) are too imprecise for prospective investigations in this stratigraphic
unit.
Only with the help of high-resolution biostratigraphy and detailed knowledge of depositional
history and deposition processes a basin-wide investigation can be established. Outcrops provide
the opportunity to study the depositional conditions, which can be compared with information from
drilling and seismic. However, as modern seismic surveys of this magnitude would be very expensive
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and would be limited to the reservoir bodies, in this study we work exclusively with available core and
borehole data combined with biofacies information.
Especially the Triassic and Jurassic sandstone reservoirs of the NGB are the main exploration
targets for hydrocarbon and deep geothermy. For example, in the NE part geothermal heat stations
already working with the sandy horizons of the Rhaetian (Late Triassic) Exter Fm, e.g. Neustadt-Glewe
and Neubrandenburg (see Wolfgramm et al. 2008). However, an intensive lateral facies shift is typical
for Upper Keuper sediments and caused by the depositional process (intercalation of fluvial to deltaic
channel facies with floodplain sediments). Due to this, the complex facies shifts have a considerable
influence to the thickness of usable units and their geohydraulic parameters (porosity, permeability).
Based on investigations on more than 350 m cored material and approx. 580 wireline logs, a detailed
analysis of lithofacies, facies architecture and depositional environment (controlled by sedimento-
logical main cycles) was applied resulting in three subsurface maps showing the distribution and
thickness of an ancient fluvial system, with potentially usable sandstone horizons for geothermal
application. Using the exact distribution and thickness of the sandy aquifers, the exploration venture
will be minimized.
3.3 Background
The development of a ‘terminal fluvial systems’ is related to (semi-arid to arid) climatic processes in
which the flow of water ends endorheic in so-called ‘terminal outgoings’ (flow outs, terminal fans) on
the floodplain before a standing recipient stream, lake or sea can be reached (e.g. Kelly & Olsen 1993).
After this definition, terminal fluvial fans are supported by ephemeral (feeder) streams (Parkash et al.
1983) which lost most of their sedimentary freight before reaching the basin centre by bifurcating
into multiple distributary channels or subfans (Nichols & Fisher 2007). The deposition silt up at the
floodplain (see also section 3.7.1).
In ancient and recent deposition areas, this system can be identified by several features: (a) a
reduction in the channel belt width from proximal to distal; (b) a decrease in fluvial discharge; and (c)
a close correlation of the channel facies with adjacent flood plain facies, including sheet sands. The
entire system progrades in a semi-arid to arid playa-like environment where soil formation processes
are typical. More or less permanent lacustrine areas can form between the channels themselves
yielding fishes, conchostracans, algae and other fresh-water indicators.
For the first time the model of the fluvial terminal fan was designed by comparing fossil deposits
with recent ‘fluvial fans’ (Friend 1978), and developed further by comparison with recent fluvial fans
(e.g. Graham 1983; Olsen 1987; Abdullatif 1989; McCarthy et al. 1991; Kelly & Olsen 1993; Sadler & Kelly
1993; Stanistreet & McCarthy 1993; Billi 2007; Fisher et al. 2007; Cain & Mountney 2009; Colombera
et al. 2013; Trendell et al. 2013).
Although some recent studies regard the concept of fluvial fans as conceptually wrong (North
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& Warwick 2007), numerous sedimentological and biofacial evidence in this study can provide a
plausible and detailed view of the deposition area at the time, which most closely corresponds to the
definition of a fluvial fan in its extent, structural composition and surrounding deposition space.
3.4 Geological setting and stratigraphic control
3.4.1 Geological setting
During the Late Triassic, the entire NGB was part of the CEB, which was located between 35 and
50° N (Stampfli & Borel 2002), and is today stretched from eastern UK to eastern Poland, and from
southern Sweden to South Germany.
Due to plate tectonic shift of the European block, a gradual climatic change occurs from subtropic
to moderate/arid conditions (Reineck & Singh 1980; Simms & Ruffell 1990; Kutzbach 1994; Feist-
Burkhardt et al. 2008). During the Late Triassic (Rhaetian) and Early Jurassic (Hettangian), the
intensive rifting of northern Pangaea contributes to a successive rise of the global sea-level (Haq et al.
1987; Hallam 1988; Miller et al. 2005) resulting in the flooding of peri-Tethyan epicontinental lowlands.
As a result, shallow marine environments expand subsequently in the NGB from west to east (e.g.
Will 1969; Bachmann et al. 2008, 2010; Fischer et al. 2012, see also Barth et al. 2018).
During the Upper Keuper (Rhaetian stage), detrital input was provided by a fluvio-deltaic system,
mainly prograding from northern source areas (Fennoscandia) to the basin centre (e.g. Wurster 1964;
Klaua 1969; Häusser & Kurze 1975; Appel 1981; Beutler & Szulc 1999; Ziegler 2001), deposited in the
Danish basin and the north-eastern part of the NGB (Mecklenburg-Western Pomerania, northern
Brandenburg, eastern Lower Saxony, Schleswig-Holstein). Here, in the eastern part of the NGB, these
clastic deposits were summarized currently as ‘Exter Formation’ (Beutler 2005b; Beutler & Tessin
2005; Franz 2008; Franz & Wolfgramm 2008, Fig. 3.2). Coarse-grained material was deposited near
the source areas (southern margin of Fennoscandia, e.g. Scania), whereas the sandy parts attain the
NGB. Concerning to this, the deposits of the Lower and Upper Exter Fm (Fig. 3.2) comply with the
distal parts of the Scandinavian deposits. To the south and east (German to Polish Basin) the Exter
Fm is intercalated with nonmarine fluvio-lacustrine and sabkha environments (e.g. ‘Arnstadt Fm’ in
NE Germany) (Franz et al. 2007a,b).
To the west, the Exter Fm successively becoming more shaly towards NW Germany, and is intercal-
ated with an unnamed formation of dark, partly green, bioturbate pelites of the so-called Rhaetian
Sea. This epicontinental sea is connected via Great Britain to the open marine Tethys (Appel 1981;
Warrington & Ivimey-Cook 1990; Ziegler 1990; Beutler & Nitsch 2005). This shallow brackish-marine
environment (Will 1969) of the Rhaetian Sea is indicated by rare marine and brackish faunal elements
(e.g. ostracods, bivalves); ammonites of Rhaetian age are completely unknown. The Rhaetian Sea is
not the focus of this study.
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3.4.2 Biostratigraphy
The Rhaetian of the NGB is characterized by only rare evidences of marine or brackish micro- and
macrofossils: Plant detritus is very common in most sediments and environments, but not indicative
for stratigraphic subdivision. The record of bivalves, gastropods, echinoderms, conchostracans,
ostracods and fish remains is rare, and ammonites are completely lacking. Due to this, biostratigraphy
is mainly provided by a well-established palynomorph zonation (Fig. 3.2) (Lund 1977, 2003 for NW
Germany and Denmark; Schulz 1976; Barth et al. 2018 for NE Germany; Orłowska-Zwolińska 1983 for
Poland). A correlation of these concepts is provided by Heunisch (1999), Schulz & Heunisch (2005),
Kürschner & Herngreen (2010) and Barth et al. (2018).
Recent studies (Barth et al. 2018) provide biostratigraphic and sequence-stratigraphic investig-
ations at the Triassic–Jurassic (Rhaetian to Hettangian) transition in the NGB, supporting a well
calibrated framework of standard zonations and subzones (palynostratigraphy) in combination with
the chronostratigraphic standard (Ogg et al. 2016) and European sequence stratigraphy.
For correlation of the Exter Fm with the Rhaetian of the global reference chart, ostracods (Will
1953; Wicher 1957; Andersen 1964; Will 1969; Kozur & Mostler 1972), foraminifers (Copestake 1989;
Copestake & Johnson 1989) and conchostracans (Kozur & Weems 2007, 2010, 2011b; Kozur et al. 2013;
Barth et al. 2014) may used. However, these stratigraphic methods are related to impreciseness.
Using palynostratigraphical methods, only the ‘Lower Rhaetian’ (Lower Exter Fm) is ascertainable
(GTr 18 zone after Heunisch 1999; Corollina-Enzonalasporites zone after Lund 1977; Barth et al. 2018,
Fig. 3.2). For this reason, an internal subdivision of the LEF is only possible by applying sedimento-
logical large-scale cycles (see Discussion). The LEF may divide by lithological aspects in three parts
(according to three lithofacies reconstructions in this study), of which in the 2nd and 3rd part (LEF II
and III) each a large fluvial fan was deposited on the dry playa flat.
3.5 Methods and data set
This study is obtained by a detailed sedimentological and biostratigraphic documentation of 17 cored
wells with 355 m of cored material from the NGB (Fig. 3.1, black dots). In addition to biostratigraphic
and sedimentological investigations, approx. 580 wireline logs from the entire NGB (Fig. 3.1, empty
circles) were calibrated by investigated cored wells and used for the correlation of the LEF unit over
the working area. Using geophysical wireline logs (especially gamma ray (GR), self potential (SP) and
resistivity log), facies associations were identified by their typical wireline log pattern (e.g. Bridge &
Tye 2000, section 3.6.1).
Based on lithofacies investigations (see section 3.6.1), subsurface mapping was applied to the LEF
fluvio-lacustrine system resulting in three high-resolution subsurface facies maps and sand-thickness
maps to sketch the fluvial morphology. Methodically, an approach of combined wireline log analysis
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Figure 3.2: Compiled Norian to Hettangian stratigraphy. Left side: Framework of chronostratigraphic (after
Cohen et al. 2017), palynostratigraphy (after Heunisch 1999; Barth et al. 2018) and lithostratigraphy for the
NGB. Right side: Lithostratigraphy, wire-line logs and lithofacies of the standard-section Gt Neubrandenburg
2/85, scale 1:500. Abbreviations see Fig. 3.13, colour code see Fig. 3.8.
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and core investigation have been applied to identify facies associations (Rider 1996; Bridge & Tye
2000; Miall 2006) within the maximum regression of the LEF large-scale cycles. The identification of
lithofacies associations is based on characteristic wireline log patterns (gamma ray, self potential
etc.) and information from cores. After that, the dominant facies association was mapped.
According to the complexity of fluvial to terrestrial facies intercalations, the maps have been
generated in a simplified way: For example, fluvial channels, their levee-crevasse splay interval
and other features were combined to ‘distributary channel belt’ facies. Controlling and completing
facies information in areas with less well density, we use biofacies information (fossils, sedimentary
structures) from unpublished core reports.
Concerning the measurement of sand thickness, the net sand thickness of coherent sand bodies was
ascertained from cores and validated with deflections from correspond wireline logs. As discussed in
section 3.6.4, the individual channel width have been deduced from the thickness of sandy channel
fills using empirical calculation schemes of Collinson (1978), Fielding & Crane (1987) and Miall (2006).
All subsurface maps shown in section 3.6.4 are also published at the GeotIS project.
Figure 3.3: Ternary plot showing the detrital mineralogy of Lower Exter Fm sandstone samples using point
counting. 48 samples from 8 wells, see supplement table 3.4.
Sandy lithologies of the LEF were investigated for granulometry (20 samples), petrography and
geohydraulic (porosity, permeability), whereas clayey lithologies were investigated for palynology (10
samples), micropalaeontology, and geochemistry. The sample distance and the amount of samples




Samples for granulometry were breaked up by chemical or mechanical disintegration and analysed
by wet and dry sieving (supplement table 3.3). For completing this data set, 125 samples from 7 wells
which are already published in literature or core reports are added (Figs. 3.3 and 3.4).
For palynological analyses, samples were treated with hydrochloric (10 %) and hydrofluoric acid to
remove carbonates and silicates, respectively. Following this, insoluble residues were ultrasonically
sieved (mesh size: 10 µm) and organic residues were mounted on slides with glycerine jelly. The slides
were examined carefully and palynostratigraphically classified according to Heunisch (1999).
Apprehending the detrital mineralogy of the sandstones, 15 thin sections from 5 wells (supplement
table 3.3) were investigated by point counting (1 × 1 mm grid, each thin section 250–300 counts). Both,
detrital composition and composition of the cement (carbonatic, sulfidic, silicatic) was documented.
This data set was completed with published data from 33 samples from 4 wells. The interpretation of
the data is shown in a QFL ternary plot (Fig. 3.3).
For cathodoluminescence analysis (CL), 9 samples from two wells were investigated. CL meas-
urements were done on carbon-coated, polished thin sections using a ‘hot cathode’ CL microscope
HC1-LM (cf. Neuser et al. 1995).
3.6 Results
3.6.1 Facies analysis
Based on petrography, sedimentary structures, lithological contacts and fossil content, seven litho-
facies types (LFT, Figs. 3.2 and 3.3) and two subordinated LFTs are defined. Using petrophysical,
sedimentological, palaeontological and petrological methods, these LFTs are summarized in six
lithofacies associations (LFA).
Lithofacies types
The following list provides the characterization of the Lower Exter Fm lithofacies types (LFTs) using a
lithofacies analysis of cored wells and outcrops. Subordinated lithofacies types marked with asterisk*.
Abbreviations: cm = centimetres, dm = decimetres.
Fl Laminated to massive claystone/siltstone
• Petrography: Dark grey to black, light greenish to reddish, partly with mica on bedding
planes, horizontal laminated (1–2 mm) to massive (< 5 cm), partly with soft sedimentary
structures, mud cracks, pedogenic concretions; moderate fine to medium angular block
structure due to palaeosols maturity, moderate to high Corg content.
• Thickness of individual units, contacts: cm up to some meters; generally gradual and non-
erosional base, smooth boundary to the top.
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• Fossils, bioturbation: Rare to abundant; partly with moderate to intense bioturbation; in
pedogenic settings absent; in lacustrine settings with conchostracans, ostracods, fish
remains (teeth, bones).
• Interpretation: Suspended load from hypopycnical flows (Fisher 1972), low energy milieu.
Het Heterolithes
• Petrography: Thinly laminated alternation of (1) light to dark grey, partly black (Corg-rich)
claystones/siltstones, and (2) white to yellowish asymmetric ripples of 2–5 cm thick very
fine- to fine-grained sandstones in various proportion: Types: (A) flaser bedding, (B) wavy
bedding, (C) lenticular bedding (Fig. 3.6E), partly soft sedimentary structures, commonly
mica on bedding plane; (D) IHS (inclined heterolithic strata) with dip values between
1–30°.
• Thickness of individual units, contacts: (A–C) cm to some dm, mostly gradational base and top;
(D) sets (10–20 cm thick) of solitary packages of uniformly inclined strata in two alternating
coarser/finer lithologies, in 20–50 cm thick cosets, separated by clayey laminae.
• Fossils, bioturbation: Absent to intense bioturbation (vertical or horizontal burrows, e.g.
Chondrites, Planolites) (Fig. 3.5D), rare to moderate occurrence of bivalves, gastropods and
plant debris.
• Interpretation: (A–C) mixed suspension load sedimentation from hypopycnical flows (Fis-
her 1972) and hyperpycnical jet flows, migrating ripples, variable energy; induced by wave
energy (Reineck & Wunderlich 1968); (D) deposited in quiet environments, probably in-
fluenced by variegated transport directions; typical in point-bar lateral accretion within
meandering channels of freshwater rivers, tidally influenced rivers and creeks draining
intertidal mudflats (Thomas et al. 1987).
Sr Ripple-cross bedded sandstone
• Petrography: Light grey to yellowish fine- to coarse grained quartz sandstone, mica subor-
dinated, subrounded to subangular quartz grains, well sorted, partly with rip up clasts,
asymmetric ripples 0.5–3 cm (Fig. 3.6B), wave length up to 7 cm, partly fining-up.
• Thickness of individual units, contacts: cm to some dm, gradational to sharp top and base.
• Fossils, bioturbation: Absent to rare bioturbation, rare to moderate occurrence of bivalves,
gastropods, mostly rich in plant debris and xylite remains.
• Interpretation: Bed load of the lower flow regime, migrating ripples.
Sh Horizontal laminated sandstone
• Petrography: Light grey to yellowish fine to medium grained quartz sandstone, subrounded
to subangular quartz grains, partly with mica, 0.5–2 cm laminae, some cm to dm thick
sets, without internal grain size trends.
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• Thickness of individual units, contacts: cm to some dm, sharp top and base.
• Fossils, bioturbation: Bioturbation absent, partly with abundant plant debris/xylite and
fragments of bivalves.
• Interpretation: Bed load of the upper flow regime, high energy (Allen 1982).
Sl Low-angle-cross bedded sandstone
• Petrography: Light grey to grey or yellowish medium to coarse-grained quartz sandstone,
subrounded to subangular quartz grains, partly with mica and elongated mud clasts, 1–
2 cm foreset beds, inclination up to 15°, partly fining up trends, imbrication of components.
• Thickness of individual units, contacts: cm to some dm, sharp base and top.
• Fossils, bioturbation: Bioturbation absent, partly with abundant plant debris/xylite.
• Interpretation: Bed load of the lower to upper flow regime, migrating bed forms, high
energy milieu.
Sm Massive sandstone
• Petrography: Grey, beige to yellowish fine to medium grained quartz sandstone, partly
with small micas, massive, no grain size trend (Figs. 3.6A, I).
• Thickness of individual units, contacts: dm to m, sharp to erosional base and top.
• Fossils, bioturbation: Bioturbation absent, abundant plant remains common.
• Interpretation: One-time, rapid bed load deposition event of upper flow regime, high energy
transport velocities in low energy suspension load dominated conditions.
Ss Cross-bedded sandstone
• Petrography: Light grey to yellowish medium to coarse-grained sandstone, subrounded to
subangular quartz grains, well sorted, partly with mica, 1–2 cm foreset beds, inclination
20–35°, partly fining up trends (Fig. 3.6D).
• Thickness of individual units, contacts: dm to some m, sharp, erosional base, sharp top.
• Fossils, bioturbation: Bioturbation absent, abundant plant remains common.
• Interpretation: Bed load of lower flow regime, migrating bed forms.
HCS* Hummocky-cross-stratification
• Petrography: Light grey to grey, partly reddish very fine to medium grained sandstone, 3-D
ripples up to 5 cm, wavelength up to 15 cm, commonly fining upward trends.
• Thickness of individual units, contacts: cm to some dm, sharp base, gradational top.
• Fossils, bioturbation: Bioturbation rare to absent, vertical, horizontal and inclined burrows
(e.g. Planolites, Chondrites).
• Interpretation: Wave action below fair-weather conditions, overprinting other sandy bed
forms (Harms et al. 1975).
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P* Palaeosols
• Petrography: (A) Dolcrete (dolomitic calcrete): whitish, light to dark grey, massive horizon
of dolomitic nodules consisting of encrusted dolomite clasts, in marly dolomitic matrix,
nodular or fractured morphology, sedimentary structures absent (Figs. 3.5A, B, C, F, G;
3.6); (B) Ferrisols: reddish concretion of hematite dominated siltstone/sandstone; (C)
Histosols: dark, organic matter content (coal) + carbonaceous material.
• Thickness of individual units, contacts: (A) cm to dm, gradational base, sharp top; (B) cm to
max. 2 dm.
• Fossils, bioturbation: Absent.
• Interpretation: (A) petrocalcic horizon as a result of evaporation processes (rising pore
fluids that dried out and cemented the surface as a hardpan dolcrete); (B) petroferric
horizon as a result of redox conditions; (C) formed by compaction of plant material.
Lithofacies associations
The following list provides the characterization of the Lower Exter Fm lithofacies associations (LFAs),
based on lithofacies types. Subordinated lithofacies types marked with asterisk*. GR = Gamma Ray,
SP = Self (Spontaneous) Potential.
(Terminal) fluvial fan Depositonal environment: Playa, floodplain.
• LFTs: Sm, Sr, Ss, Sh*.
• Petrography and characteristics: Fine to middle grained, well sorted quartz-sandstones,
accentuated by mica and plant debris.
• Architecture: Up to 5 m thick sedimentation events (fining) in more than 20 m (commonly
40–60 m) thick monotonous sandstone units, several cycles stacked; lateral distribution
1–10 km in channel belts, erosive base.
• Geophysical wireline log: At the (mostly sharp) base with a sudden GR excursion, followed
by a cylindric-shape, quiet, slightly serrated course. To the top, the GR values increase
resulted by increasing clay content. This course is followed by the SP log.
• Interpretation: Rapid deposition of suspended load in distal sections of fluvial terminal
fans.
Subaerial sheet flows Depositional Environment: Playa, floodplain.
• LFTs: Sh, Sr, Fl*.
• Petrography and characteristics: Light grey to beige silt- to fine grained quartz-sandstones;




• Architecture: Sheet-like bodies may extend more than 300 m laterally, up to 2 m thick,
concluded of several 10–20 cm depositional events (fining), separated by small clay layers;
sandstones with lateral wedge out and intercalation with clay-marlstones of the fluvial
plain.
• Geophysical wireline log: SP with short-time, negative excursion and a bell-shaped or cyl-
indrical run, while the GR log may run quiet. Both, GR and SP, with a serrated course.
• Interpretation: Proximal to distal sheet flows as a result of episodic sheddings on the fluvial
floodplain.
Wet playa, lacustrine delta Depositional Environment: Lacustrine playa, floodplain.
• LFTs: Fl
• Petrography and characteristics: Dark grey to black (marly) claystones, thinly laminated,
small silt/sand lenses, subordinated desiccation cracks; fossils: conchostracans, fish
remains (teeth, scales), plant debris.
• Architecture: Shallow bodies of some meters thickness, with lateral limited distribution;
laterally intercalated with sheet flows.
• Geophysical wireline log: Introduced by a rapid, although not suddenly commencing (ero-
sive) increase of the GR value, which is also only for a short period of time. After the
climax, GR values decrease and come to a ‘normal level’ (around the silt line) plotting a
funnel-shaped course.
• Interpretation: Quiet and low sedimentation during humid climatic conditions of probably
long duration (more precipitation, higher groundwater level) on the playa environment.
Dry playa Depositional Environment: Muddy playa.
• LFTs: Fl, P.
• Petrography and characteristics: Variegated marly claystones with variable carbonate content,
rhizoliths, bioturbation, mature palaeosols.
• Architecture: Bodies of vertical accretion, laterally extensive in specific areas, thickness
decimetres to metres, overlain by lacustrine deposits, sheet flows or terminal fluvial fans.
• Geophysical wireline log: Predominantly quiet run of the GR- and SP log near the silt line.
• Interpretation: Deposits of lag sedimentation, dryer stages are more dominant than wetter
stages (lacustrine), pedogenic processes indicated by calcisols and rhizoliths.
Shoreface Depositional Environment: Siliciclastic coast.
• LFTs: Sm, Sh, Sr, P*, Fl*.
• Petrography and characteristics: Intercalation of horizontal to ripple-cross bedded fine-
grained, highly mature, greenish to grey quartz sandstones and heterolithes or thin car-
bonatic siltstones, partially formed under wave influence (HCS), bioturbation, reworked
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mud clasts, partly anhydrite nodules and rootlets; with bivalves and other nearshore
fauna.
• Architecture: 2–10 km in lateral extension, up to 15 m thick stacked elements of pro- and
regrading sandstones/siltstones.
• Geophysical wireline log: GR and SP log with slight increasing negative excursion from
bottom to top. At the top of the shoreface interval, the GR log may reach the sand line,
demonstrating a bell-shaped course.
• Interpretation: Depending of the ingression and regression dynamic, the pro- and regrad-
ing bioturbated sand- and siltstones are caused by pro- or regrading coastline.
Inland sea Depositional Environment: Offshore.
• LFTs: Fl, Het, Sr*, Sh*, HCS*.
• Petrography and characteristics: Light to dark grey, black, greenish laminated shale to silty
shale, Corg-rich; bioturbation (Chondrites, Nerites, Planolites), typical with marine fauna
and plankton.
• Architecture: Intercalated with LFA 1f; distal and proximal areas.
• Geophysical wireline log: GR and SP log with a quiet run of high values and low values in
resistivity; partly with thin negative GR excursions.
• Interpretation: Transport as suspension, quiet sedimentation in shallow offshore areas,
partly influenced by wave action (HCS).
3.6.2 Sandstone granulometry and detrital mineralogy
Sandstones of the LEF are typically highly mature, and composed around 97.6 % quartz, 1.2 % feldspar
and 1.2 % rock fragments (Fig. 3.3). The proportion between alkali feldspar and plagioclase is balanced,
and the contribution of matrix is low (around 7.7 %). Micas (mostly concentrated on bedding planes)
and glauconite occurs sporadic. Based on investigations by Häusser & Kurze (1975) the heavy mineral
spectrum of the LEF are composed of around 60 % zircon, 20 % tourmaline, 10 % rutile, and 10 % apatite
and garnet. Rock fragments are composed of mafic material, some of them are of sedimentary origin.
The clasts cohere by carbonatic (calcitic, dolomitic), quartz and anhydrite cement. Sideritic and clay
cement occur subordinated. The context between sample depth and the proportion of diagenetic
cement was not studied. The low proportion of feldspar and rock fragments is probably a result of the
humid climate during the Late Triassic (in contrast to the Lower and Middle Keuper) which results in
a more intense feldspar weathering.
The grain size of channel sandstones varies between 0.46 Φ (coarse sand) to 4.0 Φ (coarse silt)
with an average at 2.27 Φ (fine sand) (n = 87), and in sheet sand samples between 1.41 Φ (medium
sand) to 3.97 Φ (very fine sand) with an average at 2.44 Φ (fine sand) (n = 54) (Fig. 3.4). The grain
size variation in channel facies is larger in average than in sheet sand facies; and sandstones from
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sheet sand facies are mainly composed of fine sand with subordinated coarse sand. Furthermore, the
grains from sheet sand facies is larger than samples from heterolithes. Usually, channel sandstones
which are transported in an active channel bed, are much better sorted than sandstones which are
deposited by flooding events on the flood plain (mixing of sands and pelites). In this case, this is due
to the visualization of samples both from the medial and distal depositional environment in the NGB:
In Fig. 3.10 there are visualized as well coarse-grained samples from more proximal located channels
as fine-grained samples from more distal situated channels (near the basin centre).
Figure 3.4: Grain size distribution and statistical values for sandstone samples from the Lower Exter Fm. A –
Dataset for comparison between channel and sheet sand facies. B – Dataset for comparison between LEF II
and III, only data from channel facies. Values from 10 wells (number of samples): Kb Barth 10/65 (27), Kb KSS
5/66 (7), Gt N 2/85 (5), Gt N 3/87 (13), Gt N 5/87 (14), Gt NG 1/88 (19), Gt NG 2/87 (36), Kb Tao At 1/65 (2), Gt Wlk
1/96 (14), Kb Wo 1a/65 (4). 20 samples from 4 wells are new sampled in this study. Grain-size classes according
to Wentworth (1922), calculations of mean grain size, sorting and skewness is based on Folk & Ward (1957)
and Warren (1974).
The grain size variation of the LEF II is larger (between 0.46 Φ (coarse sand) to 4.0 Φ (coarse silt)
with an average at 2.3 Φ (fine sand), n = 110) than in the LEF III (between 1.46 Φ (medium sand) to
3.84 Φ (very fine sand) with an average at 2.45 Φ (fine sand), n = 31).
The sorting of the LEF channel sandstones vary between 0.41 Φ (well) to 1.91 Φ (poorly) with an
average at 0.78 Φ (moderate) (n = 87), and in sheet sands between 0.32 Φ (very well) to 1.15 Φ (poorly)
with an average at 0.6 Φ (moderate) (n = 54, see Fig. 3.4). The clast shape is prevalent rounded to
subrounded. The skewness of the channel sandstones is between –0.56 Φ (strongly coarse skewed) to
+0.71 Φ (strongly fine skewed) with an average at +0.22 Φ (fine skewed) (n = 87); and in sheet sand
samples between –0.25 Φ (coarse skewed) to +1.02 Φ (strongly fine skewed) with an average at +0.23
Φ (fine skewed) (n = 54) (Fig. 3.4).
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Using cathodoluminescence analysis, most of the quartz grains are from magmatic source rocks
(Fig. 3.6, C2), some of them are clearly from vulcanites. The quartz grains are dominated by mono-
crystalline structure, polycrystalline structure with characteristics of grain margin dissolution occurs
subordinated. Polycrystalline quartz grains shown rarely a short-time blue-green cathodolumin-
escence, so that their origin is probably from granitic/pegmatitic source. Feldspar grains occur
subordinated and are identified by their whitish cathodoluminescence (Fig. 3.6, C2).
The similarity of sorting and grain size points to that there was no source area change from the
LEF II to III. It is not possible to readily distinguish channel and sheet sand facies according to their
granulometric parameters such as skewness, sorting or mean. Thus, both lithofacies associations,
channels and sheet sands, have to discriminate by their thickness and their typical geophysical wire
log pattern.
3.6.3 Lithofacies types, lithofacies associations
As summarized in section 3.6.1, seven lithofacies types (and two subordinated types) are defined for
the LEF (see also Figs. 3.5 and 3.6), mainly derived from facies environments of terrestrial origin
(fluvial plain, floodplain). On the other hand, six lithofacies associations from the fluvial floodplain to
the shallow marine environment were grouped (section 3.6.1), based on typical vertical associations
of LFTs, in combination with micropalaeontological and palynological data.
3.6.4 Reconstruction of the Lower Exter Fm depositional system
Morphology of terminal fluvial channels
The palaeofacies reconstructions of the LEF are shown in Figs. 3.7 to 3.9. The depositional environment
of the NGB is divided into three parts: (a) the shallow ‘Rhaetian Sea’ in the west, (b) the terrestrial
playa-shaped environment in the east, and (c) an approximately 100 km wide ‘paralic facies belt’
between (a) and (b). During the LEF II and III (Fig.3.2), wide areas of the complanated floodplain
(located in the East), are dominated by distal parts of (terminal) fluvial fans (Franz 2008), which
follow the premarked morphological depressions of the early Rhaetian.
As shown in Figs. 3.8 and 3.9, so-called ‘channel belts’ (feeder channels) are situated both-way
Figure 3.5 (facing page): A – Pedogenic silt-marlstone with dolcrete, Gt N 2/85, sample ‘Franz-08’ (1,233.5 m,
LEF III); B – Rhizolith (calcified rootlets, arrows) in pedogenic clay-silt-marlstone, Dp Sgk 1/84, LEF I; C
– Vari-coloured clay clasts in greenish silt-marlstone, erosive on yellowish siltstone, Dp Sgk 1/84, sample
‘Franz-13’ (1,280.0 m, LEF I); D – Bioturbated (arrows) fine-grained sandstone, Dp Sgk 1/84, sample ‘13-08’
(1,269.0 m, LEF II), scale bar = 1 cm; E – Imprints of the bivalve Unionites posterus (arrow), Dp Sgk 1/84, sample
‘13-06’ (1,269.0 m, LEF II), scale bar = 1 cm; F – Rootlets in reddish, pedogenic claystone, Kb DaO 2/62, LEF; G –
Anhydrite nodules (arrows), dolomitic siltstone, Kb DaO 2/62, 640.0 m (LEF); H – Plant remains, Kb Grt 1/65,
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Figure 3.6: A – Massive bedded sandstone (LFT Sm), chaotic orientated plant remains marked with arrows,
Gt N 2/85, LEF II, scale bar = 1 cm; B – Ripple-cross bedded sandstone (LFT Sr), Gt N2/85, sample ‘Franz-06’
(1,246.0 m, LEF III), scale bar = 1 cm; C1 – Thin section (LFT Sr), Kb Barth 10/65, sample ‘11-14’ (757.7 m, LEF
II), plane-polarized light, long side = 1.2 cm; C2 – same sample as C1, cathodoluminescence view, 4×, after
10 sec: light blue and blue = magmatic quartz; red = volcanic quartz; whitish = feldspar, long side = 1.2 cm;
D – Cross-bedded sandstone (LFT Ss), Kb KSS 5/66, sample ‘11-09’ (1,830.6 m, LEF II), scale bar = 1 cm; E –
Heterolithic (lenticular) bedding, with white to yellowish asymmetric ripples of very fine sandstone, Gt N
2/85, LEF; F – Thin section (LFT Sm), Kb KSS 5/66, sample ‘11-05’ (1,840.9 m, LEF II), long side = 3.5 cm; G –
Thin section (LFT Sm, pedogenic), Dp Sgk 1/84, sample ‘Franz-11’ (1,285.9 m, LEF I), long side = 3.5 cm; H –
Thin section (LFT Ss), Kb KSS 5/66, sample ‘11-07’ (1,840.9 m, LEF II), long side = 3.5 cm; I – Coarse-grained




















































































































3 Distributive fluvial systems of the Exter Fm in the NGB: their recognition and morphology
around the ‘Rügen swell’ (syn. ‘Arkona high’ = easternmost part of the Ringkøbing-Fyn-High) and
merge in NE Mecklenburg-Western Pomerania. The main channel belts trended in N-S direction
to northern Brandenburg, and in SW–NE direction nearly until the paralic coastline (eastern Lower
Saxony). As in recent fluvial fans (e.g. Mukerji 1976; Singh 1987), the ephemeral streams distribute
in fan-shape channels at the floodplain after entering the deposition area in the south of the Rügen
swell generating a network of low-sinuous distributary channels using a radial dispersion pattern
(see Weissmann et al. 2010). The opening angles of the feeder channels vary between approx. 56° (LEF
II, n = 10) and approx. 45° (LEF III, n = 11). The entire clastic discharge (distribution of channel and
sheet sand facies) covers an area of approx. 41,300 km2 (LEF II) and approx. 36,700 km2 (LEF III),
respectively. The wide distribution of the sandy deposits over Hundreds of kilometres to the basin
centre is caused by the desiccated mud plain. As emphasized by Schumm (1968) and Stanistreet &
McCarthy (1993), the grade of vegetation (or its lacking) is important concerning the absorption and
canalization of surface water. Furthermore, water streams are reouted over a far distance by distinct
fluvial levees.
The slender channel bodies are intercalated laterally with clays and dolomitic siltstones of the
dry playa facies on the floodplain (overbank deposits). According to precipitation support in the
hinterland area, the fluvial channels prograde to the basin centre. The slender channel bodies are
intercalated laterally with overbank deposits (e.g. Kelly & Olsen 1993; Collinson 1996), these are clays
and dolomitic siltstones, partially replaced by sheet flow units, which may erosive on underlying
sediments (e.g. Fisher et al. 2006; Barth et al. 2014).
During the LEF II and III, these fluvial fans ends endorheic in terminal outgoings on the floodplain
(Franz & Wolfgramm 2008; Figs. 3.8, 3.9, section 3.6.4).
The width of feeder channels (proximal, basin margin) expand between 15 and 20 km with slightly
sinuosity (Franz 2007) and expand by smaller (around 5 km), more intensive meandering distributary
channels in distal parts (Figs. 3.8 and 3.9). This concept is provided by recent fluvial fans that spread
in ephemeral streams (episodic deposition) in semiarid basins (e.g. Mukerji 1975, 1976; Parkash et al.
1983; Singh 1987; Singh et al. 1990), see also section 3.6.4.
Concerning the thickness of individual channel fills, sandy deposits of the LEF III are slightly
thicker (average = 23 m, n = 67) than deposits of the LEF II (average = 17 m, n = 45) (Fig. 3.11) which is
probably a result by using of already existing channel beds during the LEF III in form of depocentres
which are initiated during the LEF II, e.g. in NE and western Mecklenburg-Western Pomerania. The
thickness also differs from proximal (medial) to distal position related to the source area: The average
sand thickness of proximal (medial) channels is much greater (around 20–35 m, in some cases up
to 60 m) than in channels located distally (thickness around 15–25 m) which depends on decreasing
fluvial discharge (Figs. 3.10 A, C; 3.11).
By knowing the thickness of individual channels, the width of the channel may be calculated by
three methods based on empiric studies (Fig. 3.11B) (Fielding & Crane 1987). The methods for (1)
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Figure 3.10: Characterization of distal and medial channel geometry using granulometrical data and thickness
of sandy units. A – Decrease of thickness between medial and distal located channels. B – Decreasing
slope gradient by increasing distance. C – Channel cross-sections (distal and medial). D – Granulometrical
differences (sorting, skewness, mean) between distal and medial channels.
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‘upper bounding for meandering channels’, (2) ‘all data, channel type unknown’, and (3) ‘modern,
truly meandering streams, fully developed’ are the most likely types for channel forms during the LEF
II and III. Due to the fact, that the methods are based on decompacted sandstones, the thickness of
coherent sandstone units are modified for a decompaction of 10 %. This arbitrary decompaction value
is plausible by channel sandstones with (A) a low clay proportion, and (B) a principal low compaction
rate. The low clay proportion is deducible from thin section studies showing prevailing point contacts,
some concave-convex contacts, a hardly diagenetic cementation and a high primary porosity. The
compaction rate increase with the depth: Until a depth of around 1,000 m, a ‘normal’ compaction rate
is dominant by mechanical diagenesis, while from a depth of 1,500–2,000 m the chemical diagenesis is
dominant showing forming of minerals and a porosity decrease. Additionally, there are more planar
and concave-convex contacts between the mineral grains. The channel widths of the LEF II and III,
calculated by these three methods, are comparable (Fig. 3.11B): The channel width varies between
several Hundreds of meters (method 1), some kilometres (method 2) and over 10 km (method 3). These
results may not correspond with the channel widths shown in Figs. 3.8 and 3.9 (drawn channel belts
vs. calculated singular channels). Nevertheless, methods 2 and 3 demonstrate the most plausible
channel widths (between 1–10 km).
Figure 3.11: Comparison of thickness and width of Lower Exter Formation sandy deposits: A – Average thickness
of LEF fluvial channel belts. B – Width of LEF (II + III) fluvial channel belts using different calculation methods,
data pool: thickness of coherent sandstone units + 10 % decompaction. All methods after Fielding & Crane
(1987): method 1 (upper bounding for meandering channels): w = 0.95 × h2.07; method 2 (all data, channel type
unknown): w = 12.1 × h1.85; method 3 (modern, truly meandering streams, fully developed): w = 64.6 × h1.54. h =
thickness of channel, w = width of channel belt.
Typically, channel fills are composed of fine to coarse grained, well-sorted, high mature quartz
sandstones in trough-, planar-, ripple cross or massive bedding (Fig. 3.6 A, B, D, I). ‘Massive bedding’
means without any bedding indicators such as visible layer beds or small-scaled ripples (Fig. 3.6A; 3.13).
This point to a rapid sedimentation from suspension in ephemeral streams (downstream accretion)
that is typical for subaerial fans (Franz & Wolfgramm 2008). This is also provided by a sharp base
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and a grain size fining. In contrast, submarine fans (originated by deltaic distributary channels)
demonstrate a prograding facies pattern with coarsening.
Figure 3.12: Thickness maps for sandy deposits of the Lower Exter Formation II and III, with three standard
locations in NE Germany.
The content of mica and plant debris is partly very high accentuating layer beds. The sandstone
units are comprised by several single shedding cycles of some decimetre to meters in thickness,
accumulating in up to 60 m thick units (south of the Rügen swell), whereas the grain size increase
from base to top (fining) (Fig. 3.13). In most studied cases, the base is erosive containing mud clasts
(reworked sediment from underlying strata) and fine gravel. A sharp, erosive base and the lacking of
fine-grained material (clayey content) points to a transport within a fluvial channel.
The grain size fining from base to top is caused by decreasing transport energy at the end of the
shedding interval or by the lateral facies shift away from the channel facies. Additionally, a downfan
fining is documented using granulometric data (section 3.6.2), which is typically for alluvial and fluvial
fans (McGowen & Groat 1971, Fig. 3.10).
At the top, thin grey clay laminae and clay-marlstones occur (documenting a rapid facies shift to the
clayey background sedimentation of the floodplain), which may be eroded by the following shedding
cycle unit. In some cases, the final shedding interval yield indicators for an initial pedogenesis
(histosol, LFT Pc) such as coloured mottling (Fig. 3.5A), desiccation cracks, rootlets and hematite-
impregnated crusts (max. 10 cm thick). The sandstones are, except of plantal detritus, free of fossils.
Fluvial floodplain and adjacent lithofacies associations
All channel belts were flanked by distal parts of episodic sheet flow and overbank deposits (Franz &
Wolfgramm 2008; in Figs. 3.8 and 3.9, summarized in one texture) which expand partly until 30 km
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beside the distributary channel (Figs. 3.8 and 3.9). Although sheet flows are represented by units of
20–30 cm thickness, the entire thickness of a sheet flow unit may reach maximal 15 m. The thickness is
related to the depositional time. The largest thickness is reached in proximal parts, whereas in more
distally areas the thickness wedge out laterally until several meters. Thinner deposits of sand and silt
can be proved to the south until northern Brandenburg, and to the West until eastern Lower Saxony
(Figs. 3.8 and 3.9). During the LEF I, sheet sand deposits were present but consequently thinner than
5 m. Thus, they were not mapped in Fig. 3.7.
Thin sandstones of the floodplain are dominated by light-grey to whitish-beige, greenish, moder-
ately to well sorted fine sandstones. Decreasing transport energy is indicated by the ratio between
ripple-cross and horizontal bedded sandstones, which is modulated by splaying of the suspension
on the flood plain. Following this, sheet flow units starts with ripple-cross bedded, sometimes with
low-angle cross-bedded intervals which grade to horizontal bedded units at the top (fining). In most
cases, these sandstones are intercalated with laminated pelites where the lower boundary appears
sharp but not always erosive (Fig. 3.14). The upper boundary also appears sharp. Between two sheet
sand units, or between sheet sand and channel sandstones, thin heterolithes with flaser- to lenticular
bedding may occur, which is rarely documented in these environments (Reineck & Wunderlich 1968).
To the overlying lithologies, indicators for an initial pedogenesis (desiccation cracks, rooting) may
occur indicating a rapid vegetation at the floodplain. Plantal and xylitic wood remains are common.
Water escape structures are resulted by superimposed load of fresh sediments on non-lithified sheet
flow sands.
The moderate sorting points to a transport and deposition of clastic material outside the fluvial
stream bed. The rapid deposition event with intercalations of marly-clayey background sediments
indicate a transport of fluvial transported material to the flood plain by passing the river levee (Steel
& Aasheim 1978; Turnbridge 1981, 1984). In more distally parts, the sheet sands cannot distinguish
from clayey background sediment.
Between channel and sheet flow facies, the dry playa facies is replaced by areas of lacustrine (‘wet’)
playa development consisting of clayey, laminated lake and pond sediments with marginal vegetation
indicated by plant detritus on bedding planes (Fig. 3.5H). Rarely larger plant remains, partly with their
original texture or leaf impressions, can be found. Faunistic elements are represented by arthropods
(conchostracans, ostracods, insects), gastropods and fish remains (teeth, bones, scales, otolithes). At
the upper boundary of the lacustrine section subordinated dolocrusts are appearing (dry out and
clayey background facies, Fig. 3.14).
The average area of lacustrine facies is 1,040 km2 (LEF I), 150 km2 (LEF II) and 30 km2 (LEF III).
This shows that the average frequency of lacustrine facies is decreasing from LEF I to LEF III (Figs. 3.7
to 3.9, ‘ephemere lakes’ texture). During the LEF II and LEF III, these areas seems to be related to
distal parts of the feeder system (e.g. Fig. 3.8: NE Brandenburg, W-Mecklenburg-Western Pomerania).
Otherwise, lacustrine areas also occur in isolated areas, obviously not sourced by any feeder system
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(e.g. Fig. 3.8: NE Brandenburg, and Fig. 3.7), see also discussion (section 3.7.1). The development of
lacustrine facies is clearly dependent to the distribution of the feeder system and related sheet sands:
If both, feeder system and sheetsands, are far, the lacustrine system evolvs to small lake (pond) with
less clastic input. If the feeder systems shifts laterally, the lake will receive more clastic input and dry
out (Fig. 3.14). The occurrence of desiccation cracks and rootings evidence an episodic drying up of
the isolated water bodies (Hardie et al. 1978).
The Lower Exter Formation (feeder system including adjacent facies associations) was deposited on
the dry (‘muddy’) playa which is developed as a shallow, endorheic depositional environment (Franz
& Wolfgramm 2008). This playa environment probably consists of mixing coastal and inland playa.
The mostly reddish sediment colour and the partially intensive pedogenic overprinting proofs the
correlation of these sediments to the dry playa environment. Mostly clayey background sedimentation
has, in comparison to the other LFAs, the lowest sediment accumulation rate and corresponds to
a depositional interval of mostly dry intervals with playa lakes. The background sedimentation is
composed of clayey to marly, reddish to green-brownish clay-siltstones, often with variable carbonate
content between 10–50 % (Ahrens 1967; Kellner 1997). Pedogenic features such as colour mottling
(Fig. 3.5A), brecciation, desiccation cracks and root clays (Fig. 3.5F) are typical, as well as the carbonate
crusts of mature soils (Figs. 3.5A; 3.17).
Centimetres to decimetres thick carbonate crusts (Fig. 3.15), also called ‘calcretes’ (Lamplugh 1902)
or ‘caliches’, are carbonatic enrichments of whitish to light greyish, massive-compact or conglomeratic
calcitic to dolomitic marly crusts (Fig. 3.5A) with a siltic matrix (Dolcretes sensu strictu) (Aristarain
1970; Meyer 1981; Richter 1985) recording phases of sedimentation gaps and pedogenesis (Fig. 3.17)
and are present mostly in semiarid areas, where they are formed by physicochemical terrestrial
processes caused by evaporation of interstitial groundwater (Spotl & Wright 1992; Paul 1999; Wright
2007). The pore fluids dried out and cemented the surface as a hardpan dolcrete (Fig. 3.16). Therefore,
calcretes indicate a dry fall (dry intervals, subaerial exposition), a sedimentation gap and beginning
pedogenesis. In well Gt Waren 1/81 at least four of such carbonate crusts are present in the LEF interval,
that are between 10–40 cm in thickness (Fig. 3.16). Typically, the sediments are poorly fossiliferous.
Very often numerous calcified (inter- or externally) rootlets (rhizoliths), up to few centimetres in
diameter, can be found within the carbonate crusts (Fig. 3.5F; also see Klappa 1980). Scattered rootlets
indicate a sparse vegetation on the floodplain to playa flat environment.
3.7 Discussion
3.7.1 Controls on fluvial formation
The sandy deposits of the Lower Exter Fm are related to sedimentological cycles, which are typical
for the Upper Triassic ‘Keuper’ in the CEB. Concerning to Nitsch (2005a,b), the Keuper cyclicity is
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3 Distributive fluvial systems of the Exter Fm in the NGB: their recognition and morphology
subdivided in small and large cycles of different hierarchy. After Franz (2008), the large-scale cycle ‘4’
is last (youngest) cycle of the Keuper, including several small-cycle bundles of the Arnstadt-, Exter-
and Seeberg Fm, and with a duration of around 4.5 Million Years. Small-cycle bundles Ex 1 to Ex
5 are associated with the Exter Fm, of which Ex 1 to Ex 3 are related to the Lower Exter Fm (this
study) and Ex 4 and Ex 5 to the Upper Exter Fm (Franz 2008). Each small cycle bundle consists of a
changing number of small cycles, which cannot be determined more precisely due to their deposition
mode (erosion, reworking). According to Franz (2008), each small cycle has a duration of approx.
100 ka, related to Milankovitch cyclicity, and is mainly controlled by allocyclic processes such as
climatic fluctuations, tectonic (subsidence) and eustasy. However, climatic fluctuations seem to have
the greatest influence (Franz 2008). Although tectonic influence on the sedimentation process is
difficult to detect, the granulometric homogeneity (e.g. higher content of gravel) of the sandstone
composition indicates that no change in the subsidence rate seems to have occurred. Furthermore,
the mineralogical composition indicate there is no remarkable change of the erosion zone. Because
the CEB is an intracontinental basin that was formed during its deposition under largely continental
conditions, eustatic fluctuations of the global sea level play only a subordinate role in controlling the
cyclicity.
The fine clastic laminated bedding of the lacustrine section is caused by comparatively quiet depos-
itions below wind and wave influenced areas. The commixture with thin silt and sandstone laminae
points to a marginal interfingering with proximal/distal sheet flows. Although some lacustrine sec-
tions contain a partially highly evolved vertebrate fauna (fishes) (this indicates a permanent water
body), all lacustrine intervals are short-time events corresponding with the short-time of playa lakes
in the geological record. After Hardie et al. (1978), playa lakes may exist between decades to thousands
of years. Lacustrine facies are especially developed during ‘wetter stages’ in contrast to a dry/arid
climate (see Franz & Wolfgramm 2008). As it can be observed in recent continental climates, the
change between humid and arid phases is seasonally caused (Chivas 1975; Neal 1975). The presumably
only some few kilometres expanded lateral shallow water bodies show perennial (temporally constant)
as well as ephemeral (repeated dry up within a short period, e.g. one year) characteristics. In arid areas
both lake types can also occur next to each other, whereat both types can also emerge from each other
(Müller 1988). The vertical section of flooding and drying up can also be observed laterally. Depending
on the lake level, its expansion will have been varied by climatic oscillation, and are resulted by an im-
balance between evaporation and precipitation, so as to lacustrine sections in the documented drilling
core are alternating fastly with drying up evidences and are forming characteristic cycles (Sneh &
Binot 1982). Frequent periods of desiccation and interferencing oscillation ripples demonstrate the
shallow-water nature of these lakes, which are inconsistent with a deposition in deep, stratified lakes
(Lundell & Surdam 1975). As central areas for the forming of lacustrine areas, natural morphological
depressions are to be considered (Fig. 3.7). Such areas are very often not located in the centre of the
basin, but at its marginal faults (Jones 1965; Hardie et al. 1978).
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In recent perennial playa lakes, the surface input is normally carried out by a more or less permanent
connection to rivers, subordinately precipitation leads to a fill up of the lake (Donovan 1994); ephemeral
lakes in contrast are feeded primarily by input after catastrophic thunderstorms in the mountainous
hinterland or by wellsprings (Müller 1988). In contrast to the LEF I, lake bodies during the LEF II and
III may be supplied mainly by surface water (subaerial) input. This is provided by the documentation
of clastic input at the top of lacustrine intervals demonstrating sanding-up processes during flooding
events: As shown in Fig. 3.8, lacustrine areas in western Mecklenburg-Western Pomerania and
western Brandenburg are situated nearby channels and sheet flows, whereas wet playa facies in
eastern Brandenburg was documented as several meters thick intervals without any silty or sandy
input. Although these lakes (LEF I) probably did not exist coeval, another explanation must be
assumed. Concerning the morphological separation of the NGB, shallow lake bodies could have been
formed by an elevated groundwater level in morphologic depressions, while dry playa dominated on
surrounding heighten areas (above the groundwater level) (Fig. 3.17). Generally, a high groundwater
level is related to a humid climate and repeated rainfall in the hinterland area, which is approved by a
more humid climate during the Triassic–Jurassic transition. Additionally, the climate was probably
more humid than during the Carnian (Upper Triassic) Stuttgart Fm (‘Schilfsandstein’) that result in
a more intensive weathering of feldspar. Thus, sandstones that are deposited during the Rhaetian
are more mature than sandstones that are deposited during the Stuttgart Fm (e.g. Förster et al. 2010;
Franz et al. 2018a). Lacking salt precipitations within or at the end of lacustrine intervals are probably
resulted by fresh water (ground water) input dissolving salt incrustations. In addition, desiccation
cracks are documented in some cases in the core report, indicating the desiccation interval after a
dry period. In contrast to sabkha environments, the wet playa facies during the LEF is dominated by
freshwater or brackish lakes at a carbonatic clayey floodplain. Near the coastline, these lakes may also
connected with the marine water body by the exchange of interstitial water. Thus, they may assume a
marine character (e.g. Shearman 1980; Warren & Kendall 1985).
Concerning the muddy playa environment, the depth of the beginning caliche formation increases
with the humidity of the climate (Blatt et al. 1980). After Kellner (1997), Reinhardt & Ricken (2000),
Reinhardt (2002), Tougiannidis (2004) and Vollmer et al. (2008) the presence of calcretes proof
a semiarid climatic seasonality with dry and humid phases (climatic induced carbonate crusts),
although other authors refuse them as clear indicator for precise climatic conditions. The carbonate
flocculation mostly depends from the decrease of the carbonic acid content, which is responsible
for the lime solubility in water, and the partial pressure of CO2 in ground-, subsurface- or surface
water caused by very different criteria. However, the decrease of the carbonate crust frequency at
the change from the Norian to the Rhaetian proofs a permanent carbonate solution and therewith
obviously the transition from a changing humid to a continuing humid climate. After Feist-Burkhardt
et al. (2008), the alternation of fine clastic material and carbonate crusts (lacustrine vs. mudflat
environments) is caused by climatic fluctuations. For the diagenetic study, no further radiographic
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analyses or geochemical investigations have been done, as for example in Moses (1986). Furthermore,
Krumm (1965) could determine a semiarid climate for the upper Middle Keuper.
3.7.2 Differences between fluvial and alluvial fans
As described above, the sandy deposits of the Lower Exter Formation are originated by fluvial fans
(Fig. 3.17). Nevertheless, there are similarities and differences in the morphological comparison with
alluvial fans.
Both types of subaerial fans can distinguish by their size, slope gradient and typical bedding
forms which are resulted by their transport energy. After this, fluvial fans are much larger (length of
the distributary channel system more than 100 km) than alluvial fans (some dozens of kilometres)
(Stanistreet & McCarthy 1993). In fluvial fans, sedimentary fluid flows of high to low transport energy
were deposited, and the matrix is clast-dominated. In contrast, in alluvial fans only high-energy
sedimentary gravity flows were deposited in terms of weak sorted, gradual mud streams and gravels
(matrix is mud-dominated), often only with indistinct bedding (Nemec & Steel 1984). Both fans are
characterized by a typical fan-shape outline and prevalent clastic accumulation. Concerning the slope
gradient, alluvial plains are developed in a slope angle between 1.5–20° (Blair & McPherson 1994),
whereas in fluvial fans the slope angle is developed in 0.01–0.4°. In the Lower Exter Fm, the average
slope angle is < 0.01° (see also Fig. 3.10). Additionally, fluvial fans are distinguished from alluvial fans
by different post-sedimentary developments (soil building, case hardening, subsurface cementation,
and weathering) as well as biological modifications (rooting, animal burrows) (Blair & McPherson
1994). Soils are developed on the floodplain, but are not mature due to a high accumulation rate
(Nichols & Fisher 2007).
3.7.3 Geothermal potential of the Lower Exter Fm
The geothermal reservoirs of the Mesozoic have been the subject of current research for decades.
Especially the Rhaetian sandstones of the NE German Basin have a high potential due to their ma-
turity and geohydraulic properties (porosity, permeability), and are therefore priority targets for
geothermal exploration (e.g. Feldrappe et al. 2008, conclusion in Franz et al. 2018a). For example, at
the Neubrandenburg area, the reservoirs A and B (Franz et al. 2018a) of the Lower Exter Fm were used
since 1985 for seasonal heat storage (Kabus et al. 2009; Obst & Wolfgramm 2010). The investigated
sandstones of the geothermal boreholes in Neubrandenburg have porosities between 9 and 27 %,
and permeabilities between 29 and 3,000 mD (mean value 750 mD) (Franz & Wolfgramm 2008). The
temperatures at a depth of approx. 1,250 m are about 53°C (http://www.geotis.de).
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3.8 Conclusion
1. The Lower Exter Formation (LEF) is separated into three parts (controlled by sedimentary
cycles) and characterized by clastic deposits of fluvial channels and sheet flows which are
deposited on a dry, playa-shaped floodplain.
2. The LEF II and III comprise deposits of fluvial distributary channels and sheet flows, which
extend to northern Brandenburg to the south, Hamburg to the west and western Poland to
the east. The progradation took place in slight sinuously channel belts which are flanked by
sheet sand deposits. The interchannel facies is dominated by lacustrine areas with perennial
or ephemeral lakes, or dry playa environments with intensive soil development processes. To
the west, an N-S trended paralic facies belt and a shallow marine, brackish sea (‘Rhaetian Sea’)
occur which contains pelitic sediments of a still unnamed formation.
3. The LEF II and III may distinguish not by biostratigraphy (palynostratigraphy) but by their char-
acteristic geophysical wire log pattern and by correlation with biostratigraphically controlled
standard sections.
4. The channel thickness varies between 10 and 60 m, whereat the largest thickness occur in
channels of proximal position. By increasing distance to the source areas, the channel thickness
decrease. The width of the channel belts vary between several kilometres and over 20 km,
especially in the proximal deposition environment.
5. The investigated sandstones are compound by mature fine to middle grained, well sorted and
well-rounded quartz sandstones. The sandstones are characterized by well porosities and
permeabilities and are suited for geothermal usage or carbon dioxide storage.
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skewness) is based on investigations by Folk & Ward (1957). For well location see Fig. 3.1. For
description of lithofacies types (LFT) and lithofacies associations (LFA) see section 3.6.1.
• Supplement table 3.4: Data table for QFL plot (Fig. 3.3). For description of lithofacies types (LFT)
and lithofacies associations (LFA) see section 3.6.1.
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4.1 Abstract
The global Mesozoic sea-level rise contributed to the stepwise flooding of the CEB across the T–J trans-
ition and transformed the CEB from a late Triassic inland playa to an early Jurassic semi-enclosed
inland sea. The calibration of sections from North Germany and Thuringia using high-resolution
palynomorph and ammonite biostratigraphy contributes to the improved temporal and spatial res-
olution of this decisive period. The herein proposed Deltoidospora-Concavisporites (DC) Zone, placed
between the Rhaetian Ricciisporites-Polypodiisporites (RP) Zone and the Hettangian Pinuspollenites-Tra-
chysporites Zone, marks the transitional zone of overlapping Rhaetian and Hettangian palynomorphs
in brackish-marine, brackish and terrestrial environments of the NGB. Thus, the DC Zone enables
the identification of the T–J transition in the NGB. Following a short-term ingression in the late
Norian Corollina-Porcellispora Subzone, the first Rhaetian transgression contributed to substantial
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marine-terrestrial facies shifts. The diachronous transgressive onlap of brackish-marine strata cul-
minated in a first Rhaetian maximum flooding in the upper Corollina-Enzonalasporites Zone to lower
Rhaetipollis-Limbosporites (RL) Zone. After a regressive maximum in the middle RL Zone, the next
transgression culminated in a second Rhaetian maximum flooding in the upper RL Zone. Following
the end-Triassic regression, herein assigned to the upper RP Zone, the diachronous transgressive
onlap of marine shales marks the change to marine Jurassic environments. The herein proposed
Deltoidospora-Concavisporites (DC) Zone, placed between the Rhaetian Ricciisporites-Polypodiisporites
(RP) Zone and the Hettangian Pinuspollenites-Trachysporites Zone, marks the transitional zone of
overlapping Rhaetian and Hettangian palynomorphs in brackish-marine, brackish and terrestrial
environments of the NGB. Thus, the DC Zone enables the identification of the T–J transition in the
NGB. At the western gate of the CEB, the onset of marine Hettangian strata with ammonites, dated
as the P. erugatum Biohorizon at St. Audrie’s Bay, postdates the base Hettangian GSSP by ~ 250
kyr. From there to Thuringia, the diachronous onlap of marine Hettangian strata with ammonites,
herein dated as the P. plicatulum Biohorizon, took place over ~ 100 kyr. The first Jurassic maximum
flooding is dated as the interval of the P. psilonotum to P. plicatulum Biohorizons (lower Planorbis Zone).
Rhaetian–Hettangian 3rd-order sequences of the CEB correlate with contemporaneous sequences
described from Tethyan and peri-Tethyan basins pointing to circum-Tethyan eustatic cycles. The
4th-order sequences are evident in the Rhaetian-Hettangian, but only a set of Rhaetian 4th-order
sequences can be correlated in the NGB so far.
Zusammenfassung Der globale Meeresspiegelanstieg während des Mesozoikums führte zu einer
schrittweisen Flutung des MEBs an der Trias-Jura-Grenze. Die zur Zeit der Oberen Trias etablierte
Inlandplaya wurde im Übergang zum Unteren Jura zu einem halbgeschlossenen Binnenmeer um-
geformt. Die Kalibrierung von norddeutschen und thüringischen Profilen unter Anwendung einer
hochauflösenden Palynomorphen- und Ammoniten-Biostratigraphie führte zu einer verbesserten
zeitlichen und räumlichen Auflösung dieses Zeitabschnitts. Die hier vorgeschlagene Deltoidospora-
Concavisporites-(DC)-Zone, die zwischen die Ricciisporites-Polypodiisporites-(RP)-Zone (Rhät) und die
Pinuspollenites-Trachysporites-Zone (Hettang) platziert wird, markiert den Übergang von Rhätisch-
Hettangischen Palynomorphen in brackisch-marinen, brackischen und terrestrischen Ablagerungs-
räumen des NDBs; somit ermöglicht die DC-Zone die Identifikation des T–J-Übergangs im NDB.
Nach einer kurzzeitigen Ingression im späten Nor (Corollina-Porcellispora-Subzone) folgte die sog.
1. Rhät-Transgression, die eine erhebliche Verschiebung der marin-terrestrischen Faziesbereiche
bewirkte. Die diachrone Transgression aus brackisch-marinen Schichten gipfelte in einer 1. Rhät-
Maximalflutung während der oberen Corollina-Enzonalasporites-Zone bis unteren Rhaetipollis-Limbo-
sporites-(RL)-Zone. Nach einem regressiven Maximum während der mittleren RL-Zone kulminierte
die nächste Transgression während in der 2. Rhät-Maximalflutung in der oberen RL-Zone. Der am
Ende der Trias stattfindenden Regression (obere RP-Zone) folgte ein diachroner, transgressiver
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Übergang mariner Sedimente, der den Wechsel zum marinen Jura kennzeichnet.
An der westlichen Pforte des MEBs kann der GSSP der Hettang-Basis anhand marine Schichten
des Hettang mit Ammoniten (P. erugatum-Biohorizont in der St. Audrie’s Bay) um 250.000 Jahre
nachdatiert werden. Von hier bis Thüringen haben sich in einem Zeitraum von 100.000 Jahren
marine Schichten des Hettang (nach Ammoniten: Biohorizont des P. plicatulum) ausgebreitet. Die
erste jurassische Maximalflutung ist datiert in das Biohorizonte-Intervall von P. psilonotum bis P.
plicatulum (untere Planorbis-Zone).
Sequenzen 3. Ordnung im Rhät und Hettang des MEBs korrelieren mit zeitgleichen Sequenzen,
die von der Tethys und umliegenden Becken beschrieben werden. Dies deutet auf eustatische Zyklen
zirkumtethyalen Charakters hin. Sequenzen 4. Ordnung sind im Rhät und Hettang nachgewiesen,
aber nur ein Teil der Sequenzen 4. Ordnung des Rhäts kann bislang im NDB korreliert werden.
4.2 Introduction
In the Late Triassic to Early Jurassic, intensified rifting of northern Pangaea contributed to the
successive rise of the Mesozoic sea-level (Haq et al. 1987; Hallam 1988; Ziegler 1990; Miller et al. 2005).
Drowning of the Tethyan carbonate shelf and flooding of peri-Tethyan epicontinental lowlands, such
as the CEB, resulted in the successive expansion of marine ecosystems (Ziegler 1990). The fossil
records of both, marine and terrestrial ecosystems display a fundamental end-Triassic turnover
(e.g. Benton 1986; Wignall et al. 2007; McRoberts et al. 2012; von Hillebrandt et al. 2013). This is
commonly attributed to volcanism associated with the emplacement of a large igneous province
(Central Atlantic Magmatic Province, e.g. Whiteside et al. 2007; van de Schootbrugge et al. 2009; Ruhl
et al. 2011; Richoz et al. 2012). The successively rising Mesozoic sea-level contributed to fundamental
marine-terrestrial facies shifts in the CEB (e.g Will 1969; Bachmann et al. 2008, 2010; Lott et al. 2010).
In the Rhaetian, a brackish semi-enclosed inland sea covered the western half of the CEB (Fischer
et al. 2012). Subsequent transgressions in the Early Jurassic contributed to the successive eastwards
directed expansion of the inland sea culminating in a 2nd-order maximum flooding in the Early
Sinemurian (de Graciansky et al. 1998; Hesselbo & Jenkyns 1998; Zimmermann et al. 2015). However,
spatial and temporal resolutions of these fundamental marine-terrestrial facies shifts in the CEB
are limited, particularly the timing of transgressive onlaps and marine maxima in the Rhaetian and
Hettangian.
The base Hettangian Global Stratotype Section and Point (GSSP) was defined by the first appear-
ance of Psiloceras spelae at Kuhjoch, Austria (von Hillebrandt et al. 2013). The T–J boundary sensu
stricto cannot be identified precisely in NW Europe as the oldest psiloceratid ammonites clearly
postdate the GSSP datum. In addition to ammonites, substantial control on Rhaetian to Hettangian
strata of Tethyan, peri-Tethyan and Boreal localities is provided by zonations based on palynomorph
assemblages (e.g. Lund 1977; Schuurman 1977; Pedersen & Lund 1980; Achilles 1981; Suneby & Hills
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1988; Heunisch 1999; Kürschner et al. 2007; Bonis et al. 2010a,b; Kürschner & Herngreen 2010). These
well-correlated zonations (review in Lindström et al. 2017) are especially valuable for correlations of
marine and terrestrial successions (Pieńkowski et al. 2012; Lindström et al. 2017; this work). In many
marine and terrestrial localities of the northern hemisphere, the T–J transition is characterised by
the peak occurrence of laevigate trilete spores, such as the genera Deltoidospora, Concavisporites and
also Punctatisporites (review in Lindström 2015). Although this important interval was first described
from the NGB by Lund (1977), it has so far only been informally named ‘topmost Upper Rhaetic?’ or
‘Rhätolias’, respectively (Lund 1977; Brenner 1986; Dybkjær 1991; Larsson 2009; Heunisch et al. 2010).
In order to better constrain the T–J boundary we visited published and previously unpublished
upper Norian–lower Sinemurian sections (wells, outcrops) of the CEB. The application of an amended
palynomorph zonation to these sections sensu Lund (1977) significantly constrained the timing of the
T–J transition in marine and terrestrial successions. Palynostratigraphic dating of Rhaetian–lower
Sinemurian transgressive onlaps, maximum flooding surfaces and maximum regression surfaces
revealed diachronous large-scale marine-terrestrial facies shifts. The improved dating of these genetic
surfaces provides a revised framework of Rhaetian–lower Sinemurian sequences.
4.3 Geological setting
In the Late Triassic to Early Jurassic the epicontinental CEB was situated at palaeolatitudes between
35° and 50° N and stretched from onshore UK up to the Baltic States and from southern Scandinavia
up to South Germany (Ziegler 1990; Stampfli & Borel 2002; Bachmann et al. 2008, 2010). The CEB is
often subdivided into structural units such as the North Sea Basin, NGB, Danish Basin, Polish Trough
and others. Although referred to as basins, these units represent subbasins that were structurally
connected (e.g. Ziegler 1990; Bachmann et al. 2008, 2010). For example, the North Sea Basin, NGB
and Polish Trough formed the WNW–ESE oriented depot centre of the CEB.
Rhaetian transgression of Tethyan waters in the South and West resulted in the Rhaetian Sea that
covered the western half of the CEB. Dark shales and coastal-deltaic sandstones successively replaced
terrestrial lithologies of the playa-like Arnstadt Formation, contributing to large-scale marine–terres-
trial facies shifts (Franz & Wolfgramm 2008). The semi-enclosed Rhaetian Sea was connected with
peri-Tethyan inland seas, such as the Paris Basin, and western Tethyan shelf seas. The Rhaetian Sea
was considered hyposaline (~ 25–30 ‰) by Hallam & Shaarawy (1982). Fischer et al. (2012) suggested a
lowering of salinities to < 15 ‰ based on depleted δ18OP values and 87Sr/86Sr ratios of biogenic apatite.
The subsequent Jurassic Sea enabled the immigration of stenohaline forms, such as ammonites,
echinoderms to what was probably an inland sea of normal salinity. Throughout the Early Jurassic, the
semi-enclosed inland sea successively enlarged towards the East and attained a 1st order maximum
flooding in the Early Toarcian (e.g. Pieńkowski 2004; Bachmann et al. 2008; Zimmermann et al. 2015).

























































































































































































































































































































































































































































































































4 Marine and terrestrial sedimentation across the T–J transition in the NGB
transformed the inland sea into a shelf sea that was well connected with Boreal and Mediterranean
provinces (e.g. Zimmermann et al. 2015).
The Rhaetian inland sea and the Jurassic shelf sea were surrounded by several highs, e.g. Rhenish
Massif, Bohemian High and Fennoscandian High (Fig. 4.1). The detrital input supplied by the Fenno-
scandian High to the northern CEB contributed to the formation of coastal deltaic sandstones. Some
of these sandstones, for example the Rhaetian Contorta sandstone, comprise considerable economic
potential as hydrocarbon and/or deep geothermal reservoirs (e.g. Gaupp 1991; Feldrappe et al. 2008;
Wolfgramm et al. 2014). The repeated sea-level fluctuations resulted in pronounced progradational–
retrogradational stratal pattern architectures of Upper Triassic to Lower Jurassic coastal-deltaic
sandstones. The application of sequence-stratigraphic procedures to these architectures resulted in
numerous contributions and schemes (e.g. Seeling & Kellner 2002; Nielsen 2003; Pieńkowski 2004;
Zimmermann et al. 2015). However, the Rhaetian to Hettangian interval in particular, including the
T–J transition, awaits an update.
4.4 Working area, data basis and methods
This study of Norian to lower Sinemurian strata focuses on the NGB where these strata were buried.
For decades the NGB was intensively explored for hydrocarbons and other resources and therefore
penetrated by numerous wells. In particular in NE Germany, a few dozen cored wells are available,
often providing excellent core recoveries. From North Germany, cored wells Allermöhe 1/97, Barth
10/65, Karow-Sternberg-Schlieven (KSS) 5/66, Strausberg 1/62, Wernsdorf 2/63, and Wolgast 1/1a/63
were logged in detail and sampled (Fig. 4.1). In total, about 2000 m of recovered core was investigated
by means of sedimentological, palaeontological and geochemical methods; detailed descriptions, logs
and data are presented in the supplementary file. From central Germany, the BP 31 Friedland well
was palynologically investigated (supplement Table 4.13, Heunisch 2016).
Surface exposures of the Upper Triassic to Lower Jurassic are extremely rare in the NGB and either
related to small allochthonous erratic blocks, such as the Liassic exposures near Grimmen (e.g. Petzka
et al. 2004), or to salt diapirism, such as the temporary exposure close to the village Sehnde, East of
Hannover. There, constructions at the ‘Mittellandkanal’ in the years 1991–1992 exposed a Ladinian to
Pliensbachian succession described in detail by Beutler et al. (1996). From this exposure, the Norian
to Hettangian interval including the T–J transition was re-evaluated, in particular the palynological
dating (supplement Tables 4.2–4.5 and 4.7–4.12). In addition, exposures of Norian to Hettangian strata
in Thuringia have been investigated. Upper Rhaetian to basal Hettangian strata are exposed in the
Kammerbruch quarry located at Großer Seeberg to the East of Gotha. Due to constructions at the
Autobahn BAB 4, a temporary exposure of Norian to Hettangian strata was accessible in the years
2007–2010 at Moseberg to the Northwest of Eisenach. Both exposures of Rhaetian to Liassic strata
are related to NW–SE oriented graben-like structures (Ernst 1995).
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Figure 4.2: Compiled Norian–Sinemurian stratigraphy. 1 – Chronostratigraphic standard and ages (Ogg et al.
2016); 2 – ammonite zonations (Ogg & Hinnov 2012; von Hillebrandt et al. 2013; von Hillebrandt & Kment 2015).
Palynomorph zonations of the North German Basin: 3 – Heunisch (1999), 4 – Lund (1977) and this study; 5 – St.
Audrie’s Bay: informal zones of Bonis et al. (2010b), SAB – St. Audrie’s Bay; 6 – Danish Basin: informal zones of
Dybkjær (1988); 7 – Danish Basin: Lindström (2015) with Granuloperculatipollis-Classopollis-Perinopollenites (GCP)
Zone, Polypodiisporites-Ricciisporites-Deltoidospora (PRD) Zone, Calamospora-Conbaculatisporites-Monosulcites
(CCM) Zone, Perinopollenites-Deltoidospora-Stereisporites (PDS) Zone, Deltoidospora-Perinopollenites-Pinuspollenites
(DPPi) Zone and Perinopollenites-Pinuspollenites (PPi) Zone; 8 – southern Sweden: Larsson (2009) with Topmost
upper Rhaetic (TuR, informal zone), Transitional Spore-peak Interval (TSI, informal zone), Pinuspollenites-
Trachysporites Zone (PT), Cerebropollenites macroverrucosus; 9 – Kuhjoch GSSP and neighbouring sections: Kür-
schner et al. (2007), Bonis et al. (2009) and von Hillebrandt et al. (2013) with Rhaetipollis-Limbosporites Zone
(RL), Rhaetipollis-Porcellispora Zone (RPo), Trachysporites-Porcellispora Zone (TPo), Trachysporites-Heliosporites
Zone (TH), subdivided into informal D1, D2) and Trachysporites-Pinuspollenites Zone (TPi). Lithostratigraphy
of 10 – St. Audrie’s Bay–Doniford Bay section: mainly after Warrington et al. (2008), correlation of the T–J
boundary following von Hillebrandt et al. (2013); 11 – North Germany: formal Keuper lithostratigraphy after
Beutler (2005b) and this study, formal Liassic stratigraphy after Mönnig et al. (2016); 12 – NW Poland: mainly
after Pieńkowski (2004); 13 – DK: Danish Subbasin slightly modified after Bertelsen (1978) and Nielsen (2003);
14 – S: Skåne according to Sivhed (1984) and Lindström et al. (2015a). Not to scale.
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Investigated wells and outcrops were logged in detail with a special emphasis on lithofacies and
contacts or transitions between different lithofacies. The sections were sampled for macrofossils, if
available, and palynology. In total, 158 palynological samples (~ 20 g) from the Allermöhe 1/97, Barth
10/65, BP 31 Friedland, Karow-Sternberg-Schlieven (KSS) 5/66, Wernsdorf 2/63, Wolgast 1/1a/63 wells
and Kammerbruch and Moseberg outcrops were taken and slides made following the procedure
described by Heunisch in Kustatscher et al. (2012). The slides were examined carefully and the
palynoflora stratigraphically classified according to the scheme proposed by Lund (1977) slightly
modified herein. For comparison, slides from the basal Hettangian of the base-Hettangian GSSP at
Kuhjoch (outcrop), Austria, and the original slides from the ‘topmost Upper Rhaetic?’ of the Rødby-1
well, described by Lund (1977), were examined.
For palynofacies analysis of the Moseberg sections the method of morphological groups according
to Heunisch (1999) was applied. Where possible, 200 or at least 100 palynomorphs were counted for
each slide and assigned to morphological groups (Table 4.5). From the Moseberg outcrop the contents
of carbon and sulphur of 37 samples were determined by combustion furnace and acid digestion at
ALS Laboratories Galway (Ireland). Results of palynological dating, analysis of morphological groups
and geochemistry are presented in supplement Tables 4.4–4.6.
From the study on Norian–lower Sinemurian strata, results of detailed facies analysis and large-
scale reconstruction of sedimentary environments will be published elsewhere; here we concentrate
on palynostratigraphy, timing of marine-terrestrial facies shifts, extension of inland seas and stratal
pattern architectures. In order to visualise marine-terrestrial facies shifts six palaeogeographic maps
and a set of W–E oriented cross-sections are used, along with dated wells and outcrops described
in the literature. Palynology and lithofacies information indicates deposition in marine, marine-
brackish, brackish, coastal and terrestrial depositional environments. Offshore shales and carbonates
yielding a macrofauna with ammonites are considered marine and marine-brackish if ammonites are
lacking. For the Rhaetian Sea, offshore shales are only considered marine-brackish if a macrofauna
with Rhaetavicula contorta occurs. Brackish environments are reconstructed based on the record of
an unspecific macrofauna and/or phytoplankton. Subaqueous lithologies yielding green algae are
considered coastal-deltaic (non-marine) and pedogenic lithologies yielding only spores and pollen
are considered terrestrial.
4.5 Stratigraphic control
Due to the general lack of index forms of Tethyan ammonite, conodont and radiolarian standard
zonations in the CEB, biostratigraphic control of Norian to Rhaetian strata relies on palynomorph
zonations (Fig. 4.2). Zonation schemes based on assemblages of miospores and pollen grains were
proposed from onshore UK (e.g. Orbell 1973; Warrington 1974, 1984; Hounslow et al. 2004), Germany
(Heunisch 1999), NW Germany and Lolland (Denmark; Lund 1977, 2003), Scandinavia (e.g. Lindström
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& Erlström 2006, 2007), NE Germany (Schulz 1976), South Germany (Achilles 1981; Brenner 1986),
and Poland (Orłowska-Zwolińska 1983). The correlation of these schemes was outlined by Schulz &
Heunisch (2005) and reviewed by Kürschner & Herngreen (2010) and Lindström (2015).
Additionally, zonations based on foraminifers (Copestake 1989), ostracods (Will 1953; Andersen
1964; Will 1969; Kozur & Mostler 1972) and conchostracans were proposed (Kozur & Weems 2007,
2010, 2011a). However, the application of these schemes is limited to certain areas of the CEB. A
rich and diverse foraminifer fauna is well known from the Rhaetian of onshore UK (e.g. Copestake
1989; Copestake & Johnson 1989), but in the eastern CEB foraminifers are rare. The same applies
to index ostracod species. The application of conchostracan biostratigraphy to terrestrial Norian
and Rhaetian strata of the NGB was successfully demonstrated by Kozur et al. (2013) and Barth et al.
(2014). However, during this study index conchostracans could only be recovered from the Moseberg
outcrop.
In the CEB, stratigraphic control on Lower Jurassic strata traditionally relies on ammonite bio-
stratigraphy supplemented by zonations based on palynomorphs, ostracods and foraminifers (e.g.
Norling 1972; Michelsen 1975; Lund 1977; Page 2003).
4.6 Results
4.6.1 Palynostratigraphy of the T–J transition – the new Deltoidospora-Concavisporites Zone
Within this study, the palynomorph zonation scheme according to Lund (1977, 2003) was applied and
modified for the T–J transition. In the Rødby-1 well, Lund (1977) recognised a transitional interval
between the Rhaetian Ricciisporites-Polypodiisporites (RP) Zone and the Hettangian Pinuspollenites-
Trachysporites (PT) Zone, which he informally referred to as the ‘topmost Upper Rhaetic?’. The present
investigations show that this transitional interval – now called Deltoidospora-Concavisporites Zone
(DC zone) – is not restricted to the Rhaetian, but crosses the T–J boundary and can be recognised
throughout the NGB (Table 4.1). It is characterised by an assemblage including laevigate spores,
reworked specimens as well as some typical Liassic species. The DC Zone (assemblage zone) is
characterised by the peak abundance of Deltoidospora spp. representing 30–50 % of the palynomorph
association. This Deltoidospora peak is accompanied by increased frequencies of Perinopollenites spp.
and the co-occurrence of Punctatisporites spp. (Fig. 4.3). Pollen grains and phytoplanktonic organisms
(mostly prasinophytes) are only present in low number. Pinuspollenites minimus is missing or only
sporadically present. Compared to the classical Rhaetian and Liassic palynoflora, the number of taxa
is reduced. The typical specification is represented at the Mariental 1 well (Heunisch et al. 2010).
The boundary to the RP Zone is marked by the last common occurrence (LCO) of Polypodiisporites
polymicroforatus following the P. polymicroforatus abundance interval sensu Lindström et al. (2017). The
boundary to the PT Zone is marked by the first common occurrence (FCO) of Pinuspollenites minimus
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(Fig. 4.3). At places, the boundary to the underlying strata may be disconform (Fig. 4.5, Table 4.1).
The characteristic taxon is Concavisporites lundii Brenner, 1986 from top most Rhaetian of SW Ger-
many (see Brenner 1986, Plate 1, Figs. 5, 9, 17). This taxon was introduced by Lund (1977) as Deltoidospora
sp. from samples of his ‘topmost Upper Rhaetic?’ (Lund 1977, his plate 2 and Fig. 7a, b). It seems to be
the nucleus for different abnormal/aberrant modified types (Fig. 4.4). Further taxa belonging to the
big cluster of the genera Deltoidospora/Concavisporites as well as Punctatisporites spp. can show abnormal
specimens, too (Lindström et al. 2015b). These abnormal or aberrant forms are considered accessory
indicator of the new Deltoidospora-Concavisporites zone. Single abnormal specimens fade out in the
overlying Pinuspollenites-Trachysporites Zone, where a large range of triangular laevigate trilete spores
spread very fast.
These abnormal variations are characterised by exinal thickenings surrounding the trilete mark,
monolete or alete modifications of trilete spores and also ‘tumours’ and irregular exinal thickenings
on the proximal surface of the affected spores (Fig. 4.4). Aberrant spores point to environmental stress
at that time, e.g. volcanic activity, high CO2 and low oxygen values (e.g. Galli et al. 2005; Korte et al.
2009; Lindström et al. 2015b). Depending on the depositional environment, the thicknesses of the
sections representing the DC Zone vary between 2 m in the Mariental 1 well (Heunisch et al. 2010),
which represents the reference section, and 43 m in the KSS 5/66 well (this paper). So it is likely that it
could be overlooked unless the relevant layers are sampled.
4.6.2 Upper Norian–lower Sinemurian evolution of the North German Basin
The upper Norian to lower Sinemurian strata exhibit a series of pronounced marine-terrestrial facies
shifts which contributed to the principle change from terrestrial to brackish-marine and marine
environments. These marine–terrestrial facies shifts could be successfully dated by means of palyno-
morph and ammonite biostratigraphy. This refers in particular to the application of high-resolution
Rhaetian palynomorph zones. The new DC Zone, representing the T–J transition in the NGB, could
be identified in four of the localities investigated herein and in three localities previously described by
Lund (1977, 2003) and Heunisch et al. (2010) and which are reinterpreted herein (Table 4.1). Detailed
descriptions and log drawings as well as the results of palynological and geochemical investigations
are provided in the supplementary file.
Upper Norian short-term ingression
The mass occurrences of Botryococcus, Micrhystridium and Veryhachium in dark laminated shales of the
upper Arnstadt Formation in the KSS 5 well suggest a solitary short-term shift to brackish conditions
as the strata below and above are composed of pedogenic shales. Pedogenic shales of inland playa-like
settings are widespread in the Arnstadt Formation (Reinhardt & Ricken 2000; Franz 2008; Barnasch




























































































































































































































































































Botryococcus was reported from the upper Arnstadt Formation of the Rüdenberg outcrop some 20 km
east of Paderborn (Fig. 4.1; Heunisch 1996). The occurrence described by Heunisch (1996) and the
herein described occurrence are constrained to the Corollina-Porcellispora (CP) Subzone of the Corollina-
Enzonalasporites Zone (Lund 1977). The time-constrained occurrences of these phytoplankton groups
in upper Norian strata of NE and NW Germany are herein linked to a short-term eastwards-directed
ingression.
The short-term ingression resulted in a shallow enclosed inland sea restricted to the western
CEB (Fig. 4.6A). An extension towards the South, for example up to Thuringia, can be excluded as
indications of a brackish influence in the upper Arnstadt Formation were neither observed during
this study nor reported by others (e.g. van Oosterhout 1991; Schulz 1996). The maximum eastwards
extension is most probably marked by the phytoplankton record in the KSS 5 well. Further to the East,
in east Brandenburg or western Poland, indications of a brackish influence are lacking in pedogenic
shales of the upper Arnstadt Formation and equivalents (Orłowska-Zwolińska 1983; Franz 2008). The
maximum extension towards the North can be found in the Gassum-1 and Rødby-1 wells. From an
interval assigned to the CP Subzone, the occurrence of green algae (Botryococcus) possibly represent
the very distal part of the shallow enclosed inland sea (Lund 1977; Bertelsen 1978).
The inland sea was probably connected with Tethyan waters via the Dorset area (UK). At St. Audrie’s
Bay, the upper Norian Williton Member of the Blue Anchor Formation is formed of grey shales and
heterolithes yielding Diplocraterion burrows, gastropods, bivalves and fishes (Hesselbo et al. 2004;
Hounslow et al. 2004).
Diachronous transgressive onlap of brackish-marine Rhaetian strata
In the western CEB, the transgression in the early Rhaetian contributed to a fundamental facies shift
from variegated terrestrial shales to dark laminated brackish-marine shales well exposed at Moseberg
(Fig. 4.7). In the Eitzendorf 8, Gassum-1 and Maasbüll 1 wells, dark shales yielding phytoplankton were
assigned to the lower Granuloperculatipollis (G) Subzone of the Corollina-Enzonalasporites Zone by Lund
(1977), Bertelsen (1978) and Lund (2003). In the Eitzendorf 8 well, green algae and acritarchs were noted
from about 20 m below the base of the Enzonalasporites-Conbaculatisporites (EC) Subzone (Lund 1977). To
the Southeast, in an outcrop near Sehnde, the onset of dark shales containing marine phytoplankton
occurs in the upper G Subzone, 3 m below the base of the EC Subzone (Heunisch in Beutler et al.
Figure 4.4 (facing page): Aberrant spores of the Deltoidospora-Concavisporites Zone, 1–4 well Rødby 1, ‘topmost
Upper Rhaetic?’ sensu Lund (1977), depth 1,840 ft. 5–8 well Mariental 1, depth 100.95–101.25 m. 9–12 well KSS
5, depth 1,751.81–1,794.81 m. Aberrant spores of the genera Deltoidospora and Concavisporites from the basal
Hettangian Pinuspollenites-Trachysporites Zone, 13–16 well BP31, Friedland, depth 8.1–8.7 m. Aberrant spores of
the genera Deltoidospora and Concavisporites from the basal Hettangian of the Trachysporites-Heliosporites Zone,
17–20 base-Hettangian GSSP at Kuhjoch, Austria.
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1996; this work). At Moseberg, the onset of dark shales containing green algae, prasinophytes and
dinoflagellate cysts is constrained to the uppermost Corollina-Enzonalasporites (CE) Zone; however,
the first occurrence of acritarchs was noted from the lower Ricciisporites-Conbaculatisporites (RC) Zone.
A correlation of these well dated transgressive surfaces reveals the substantial diachronous onlap of
brackish-marine shales (Fig. 4.8).
Rhaetian marine–terrestrial facies shifts
Following the transgressive onlap of Rhaetian shales, the peak occurrence of marine palynomorphs
identified in the upper CE Zone to basal Rhaetipollis-Limbosporites (RL) Zone at Sehnde and Moseberg
(supplement Figs. 4.12 and 4.13) corresponds to the peak occurrence of marine palynomorphs pre-
viously described by Lund (1977), Heunisch (1996) and Lund (2003). This peak occurrence coincides
with the first maximum extension of brackish-marine shales towards the East. In this interval, the
Rhaetian Sea stretched from UK across the North Sea area up to the western parts of the North
Germany splitting the CEB in two parts (Fig. 4.6B). From the western part, occupied by the Rhaetian
Sea, Will (1969) and others reported dark shales yielding ostracod coquina beds from the Cuxhaven
area (Westerwanna wells) whereas the eastern CEB was occupied by an inland playa and received
considerable input via large terminal fluvial fans (Franz & Wolfgramm 2008).
The first maximum extension was followed by a pronounced phase of basinwards-directed shoreline
progradation. Fed by source areas to the North and South, coastal-deltaic sandstones, silts and shales
attained a maximum progradation in the middle RL Zone. Thicker deltaic sandstones occur from
central Germany up to Schleswig-Holstein (Fig. 4.7 and supplement Fig. 4.13). To the West, for example
in the German North Sea sector, brackish-marine offshore environments characterised by dark shales
prevailed (Will 1969; Barnasch 2010).
Following this, the Rhaetian Sea attained its second marine maximum in the upper RL Zone
as indicated by peak occurrences of marine palynomorphs and maximum extension of brackish-
marine shales. The presence of marine palynomorphs from Lower Saxony up to the Strausberg 1
well evidences the extension of the Rhaetian Sea up to eastern Brandenburg (Fig. 4.6C). From West
to East, the peak occurrences of marine palynomorphs in individual sections are characterised by
successively decreasing frequencies of acritarchs and dinoflagellate cysts in relation to spores and
pollen groups (Fig. 4.8). The maximum northwards extension of the Rhaetian Sea is marked by marine
palynomorphs, micro- and macrofauna in the NGB (Rødby-1), Danish Basin (e.g. Gassum-1) as well
as outcrops in Scania (e.g. Troedsson 1951; Norling et al. 1993; Lund 2003; Nielsen 2003; Lindström
& Erlström 2006). The Rhaetian Sea stretched up to South Germany where it was connected with
Tethyan waters via a southern gate (Fischer et al. 2012).
The end-Triassic regression (Hallam & Wignall 1999; Hesselbo et al. 2004) resulted in progradation
of shorelines throughout the RP Zone with a progradational maximum in the uppermost part of
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this zone (Fig. 4.6D). Substantial freshwater input is noticeable in herein investigated outcrops and
wells by palynomorph assemblages largely dominated by terrestrial palynomorphs. Phytoplankton, if
present, is mainly represented by green algae and prasinophycean algae. Acritarchs and dinoflagellate
cysts were only sporadically observed in the western part of the working area (supplement Tables 4.2
and 4.3).
T–J transition and diachronous transgressive onlap of Pre-Planorbis Beds
Following the end-Triassic regression, the latest Rhaetian and early Hettangian was characterised by
a successively rising Tethyan sea-level (e.g. Hallam & Wignall 1999; Kürschner et al. 2007; McRoberts
et al. 2012). The corresponding sea-level rise in the CEB resulted in transgressive onlaps of mar-
ine to brackish–marine shales and heterolithes onto siltstones and sandstones of Rhaetian type in
the western half of the basin. Typically, the basal Hettangian shales are lacking ammonites (Pre-
Planorbis Beds) and are followed by marine strata with ammonites (Fig. 4.9). The application of
high-resolution ammonite and palynomorph biostratigraphy to herein described localities reveals the
eastwards directed diachronous onlap of marine to brackish–marine Pre-Planorbis Beds and enables
the identification of the T–J transition in marine and terrestrial strata.
According to the correlation of the base-Hettangian GSSP with the lower Pre-Planorbis Beds at
St. Audrie’s Bay–Doniford Bay section (von Hillebrandt et al. 2013), the transgressive onlap of the
upper Lilstock Formation and basal Pre-Planorbis Beds is of latest Rhaetian age (Lindström et al.
2017). To the East, in the North Sea area and NW Germany, the transgressive onlap of up to 16 m thick
shales of the Pre-Planorbis Beds, with Pleuromya tatei (Hoffmann 1962), coincide with the base of the
Hettangian PT Zone as demonstrated by the Allermöhe 1, Eitzendorf 8 and others wells (supplement
Fig. 4.11; Lund 1977, 2003; this work). As the PT Zone succeeds the DC Zone, representing the T–J
transition, the transgressive onlap at the base of the Pre-Planorbis Beds in these localities is of early
Hettangian age (Fig. 4.9). Further to the East and North, in Lower Saxony and Lolland, silty and
heterolithic lithologies continue from the RP Zone through the DC Zone into the basal PT Zone. As
the transgressive onlap of dark Hettangian shales in these wells is situated in the lower PT Zone, it
postdates the transgressive onlap observed in localities to the West. Further to the East, for example
the Wernsdorf 2 well, the strata of the T–J transition and the Hettangian are not characterised by
significant lithological changes. Accordingly, palynomorph spectra of the DC Zone suggest a weak
brackish influence, which most likely continues into the PT Zone. In NE Germany, for example the
Wolgast 1 well, both, the strata of the T–J transition and the Hettangian are of terrestrial origin (Fig.
4.9 and supplement Fig. 4.17).
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Hettangian–lower Sinemurian marine–terrestrial facies shifts
In the T–J transition interval, the transgression from Tethyan waters resulted in an inland sea of
marine character in the CEB. Following an early phase, in which the ecology was most probably
characterised by some fluctuations, the immigration of ammonites from Tethyan habitats into the
inland sea marks the onset of stable marine conditions. The record of Psiloceras erugatum at St.
Audrie’s Bay–Doniford Bay, corresponding to the P. calliphyllum Biohorizon of the Tilmanni Zone (von
Hillebrandt & Kment 2015), represents the oldest ammonite in the CEB. In NW Germany, the oldest
ammonites of the Neophyllites group, recorded in the Bislich 5 and Westerwanna 4 wells (Hoffmann
1962), already belong to the basal Planorbis Zone (Bloos & Page 2000). Further to the East, the oldest
ammonite P. planorbis, recorded in the Rødby-1 well (see supplement section 4.9.10), Sehnde and
Kammerbruch outcrops and other localities (Jüngst 1928; Sorgenfrei & Buch 1964; Ernst 1995), and
P. psilonotum, recorded at Moseberg (this work), represent subsequent younger biohorizons of the
lower Planorbis Zone (Fig. 4.9). This demonstrates the diachronous eastwards directed propagation
of stable marine ecologies in the early Jurassic Sea.
The early Jurassic Sea attained a first marine maximum in the Planorbis Zone, most probably in the
interval of the P. psilonotum to P. plicatulum Biohorizons. This is indicated by widespread occurrences
of shaly lithologies yielding psiloceratid ammonites in the NGB and Danish Basin (Fig. 4.6E). In the
upper Planorbis Zone, the basinwards progradation of coastal-deltaic sandstones indicates regressive
trends. These coastal-deltaic sandstones are dated as the Johnstoni Subzone in the Sehnde and
Kammerbruch outcrops and their maximum progradation is placed around the top of the Planorbis
Zone (supplement Figs. 4.12 and 4.14).
A next marine maximum in the Liasicus Zone is indicated by macrofauna, microfauna and palyno-
morph spectra in outcrops and wells from the southern NGB (e.g. Hoffmann 1962, Luppold in Beutler
Figure 4.5 (facing page): Schematic W–E cross-section of Norian–lower Sinemurian strata in the CEB and their
correlation. 1 – Chronostratigraphy and ammonite zonation (Ogg & Hinnov 2012; Ogg et al. 2016); 2 – Northern
Calcareous Alps (Kuhjoch) according to Bonis et al. (2010a) and von Hillebrandt et al. (2013), * – Norian
Plattenkalk limestone, ** – Tiefengraben Member; 3 – Somerset according to Hesselbo & Jenkyns (1995, 1998),
Page (2002), Hesselbo et al. (2004) and Warrington et al. (2008), * – Branscombe Mudstone Formation; 4
– Palynomorph zonation applied herein; 5 – well Adorf 2 according to Hoffmann (1960); 6 – composite of
Westerwanna 4 (Hoffmann 1962), Eitzendorf 8 (Lund 1977, 2003), Allermöhe 1 (this work), short gap resulting
from channel incision; 7 – composite of Mariental 1 (Heunisch et al. 2010) and Sehnde (Jüngst 1928; Beutler
et al. 1996; this work), gap resulting from condensation and transgressive reworking, * – reworked Psiloceratid
ammonite of Megastoma group; 8 – composite of several Thuringian outcrops, Rhaetian–lower Hettangian:
Kammerbruch, Moseberg (Putzer 1938; this work), Hettangian–lower Sinemurian: Eisenach area (Ernst 1986),
short gaps resulting from channel incision (Rhaetian) and sea-level lowstand and transgressive reworking;
9 – Rødby-1 (Sorgenfrei & Buch 1964; Lund 1977; Lindström et al. 2015a, 2017; this work); 10 – composite of
Strausberg 1 and Wernsdorf 2 (this work), gaps resulting from channel incision (lower Hettangian) and
sea-level lowstand and transgressive reworking. For range of individual groups or species the reader is
referred to original literature cited above; thickness not to scale.
109
4 Marine and terrestrial sedimentation across the T–J transition in the NGB
110
4.6 Results
et al. 1996; Heunisch et al. 2010). This is herein linked to a marine maximum indicated by the record of
phytoplankton groups in the KSS 5 well (supplement section 4.9.5, supplement Fig. 4.15, supplement
Table 4.8). Accordingly, acritarchs were described from corresponding Hettangian strata of the Kam-
ień Pomorski IG-1 well by Pieńkowski et al. (2012). In the western Polish Trough, Pieńkowski (1991c),
Feldman-Olszewska (1997b) and Pieńkowski (1997) identified corresponding Hettangian strata to
shallow siliciclastic shelf environments. In the Angulata Zone, the progradational architecture of
coastal-deltaic sandstones is a prominent feature in the NGB, Danish Basin and the Polish Trough
(Pieńkowski 1991a; Surlyk et al. 1995; Nielsen 2003; Pieńkowski 2004; this work). Likewise, shallowing
in the upper Hettangian Angulata Zone was described from Jurassic exposures in the Somerset and
Dorset areas (Hesselbo & Jenkyns 1998). As also basinal successions were affected by shallowing,
for example Allermöhe 1 well (supplement section 4.9.1, supplement Fig. 4.11, supplement Table 4.2),
the regressive trend in the upper Hettangian has to be considered pronounced. Such a pronounced
regression seems to be related to an erosional disconformity observed in the upper Hettangian of the
Wolgast 1 well (supplement section 4.9.7, supplement Fig. 4.17) and elsewhere (see section 4.7.3).
So far, the lower Sinemurian evolution of the NGB is not well constrained and needs further
investigations. The herein investigated sections evidence a general transgressive trend and eastwards
directed extension of the Jurassic Sea. This general trend had individual marine maxima in the
Bucklandi Zone and Semicostatum Zone (Fig. 4.6F). The latter was considered 2nd-order maximum
flooding by Zimmermann et al. (2015). This was followed by a pronounced regression in the Turneri
Zone, which resulted in truncation of lower Sinemurian strata in the eastern part of the NGB.
4.6.3 Transgressive–regressive cycles
The Rhaetian–Hettangian interval was subject to repeated transgressive–regressive cycles resulting
in repeated shifts of shorelines (Fig. 4.5). High amplitude shoreline shifts led to retrogradational–
Figure 4.6 (facing page): Upper Norian–lower Sinemurian palaeogeographic maps of the CEB. A – Upper Norian
inland sea based on occurrence of acritarchs according to Heunisch (1996) and this work. B – Maximum
flooding of the marine-brackish Rhaetian Sea (MFS Rh1) based on macrofauna with R. contorta and phyto-
plankton according to Boigk et al. (1960), Sorgenfrei & Buch (1964), Will (1969), Lund (1977), Bertelsen (1978),
Beutler et al. (1996) and Heunisch et al. (2010) and this work, EC Zone – Enzonalasporites-Conbaculatisporites
Zone, RL Zone – Rhaetipollis-Limbosporites Zone. C – Maximum flooding of the marine-brackish Rhaetian Sea
(MFS Rh2) based on macrofauna with R. contorta and phytoplankton according to a compilation of Beutler
(1988); acritarchs according to Lund (1977) and Lindström & Erlström (2006) and this work. D – End-Triassic
regression, Phytoplankton according to Heunisch et al. (2010) and this work. E–F – Maximum floodings of the
marine Jurassic Sea (MFS He1, Sin1) based on macrofauna with ammonites, microfauna and phytoplankton;
ammonite records: Brandes (1912), Jüngst (1928), Stille (1932), Schott (1942), Wicher (1951) and Reyment (1959);
Hoffmann in Boigk et al. (1960); Hoffmann (1962), Sorgenfrei & Buch (1964), Haupt (1967), Lehmkuhl (1968),
Bertelsen & Michelsen (1970), Beutler & Schüler (1978), Ernst (1986), Rusbült (1990), Poulsen (1996), Arp et al.
(2000) and Arp et al. (2004), unpublished core reports and this work; foraminifera according to unpublished
core reports; phytoplankton according to Pieńkowski (2004) and Pieńkowski et al. (2012) and this work.
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progradational architectures of marine shales and coastal-deltaic sandstones. The corresponding
maximum extensions of marine shales and maximum progradations of coastal-deltaic sandstones
represent genetic surfaces which can be dated and correlated throughout the NGB (Fig. 4.6B–D).
Beside this, the high-resolution biostratigraphic dating and correlation of well dated sections re-
vealed subordinated retrogradational–progradational architectures of more regional scale. Con-
sequently, these are considered resulting from low amplitude shoreline shifts. The stacking patterns
of retrogradational–progradational architectures suggest a hierarchical order of low amplitude and
high amplitude shoreline shifts (Fig. 4.8). The application of the Transgressive–Regressive Sequence
Model elaborated by Curray (1964) and Embry (1993, 1995) to these architectures resulted in a prelim-
inary framework of 3rd-order and 4th-order T–R sequences (Fig. 4.10).
3rd-order T–R sequences
The onset of the transgressive phase of Rhaetian sequence 1 (Rh1) is indicated by a major transgressive
surface often superbly developed at the top of terrestrial shales (Fig. 4.7). The stepwise transgres-
sion in the CE Zone culminated in the first Rhaetian maximum flooding (MFS Rh1) in the upper
CE Zone to basal RL Zone. This maximum flooding is indicated by marine macro- and microfauna
and well dated throughout the NGB (Figs. 4.6B, 4.8). The following regressive phase resulted in suc-
cessive shallowing and basinwards progradation of coastal-deltaic sandstones (Contorta sandstone,
Seeberger sandstone). Their maximum progradation, dated as the middle RL Zone, is considered
maximum regressive surface (MRS Rh1). The transgressive surface at the top of these coastal-deltaic
sandstones marks the onset of the transgressive phase of Rhaetian sequence 2 (Rh2). The transgress-
ive phase culminated in the second Rhaetian maximum flooding (MFS Rh2) dated as the upper RL
Zone. This maximum flooding, indicated by peak occurrences of marine phytoplankton and marine
macrofauna, is well constrained throughout the NGB (Fig. 4.6C). Shallowing and progradation of
coastal-deltaic sandstones in the RP Zone characterises the regressive phase of sequence Rh2. The
maximum progradation in the upper RP Zone is considered maximum regressive surface (MRS Rh2,
Fig. 4.6D).
Above MRS Rh2, early transgressive trends are evidenced in the DC Zone, for example in the
Mariental 1 well (Heunisch et al. 2010), but most of the transgressive phase of the first Jurassic
sequence He1 is dated as the PT Zone (Fig. 4.9). In many of the studied sections, a major transgressive
surface is superbly developed at the top of Rhaetian type sediments (Fig. 4.7, supplement section
4.9.3). The continuous transgression culminated in the first Jurassic maximum flooding (MFS He1) in
the Planorbis Subzone. This maximum flooding is well constrained by ammonites in the western
half of the NGB (Figs. 4.6E, 4.9). The regressive trend throughout the Johnstoni Subzone resulted in
progradation of coastal-deltaic sandstones up to Thuringia and Lower Saxony (e.g. Jüngst 1928; this
work). The maximum regressive surface (MRS He1) is placed around the top of the Planorbis Zone.
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So far, stratal pattern architectures of the middle Hettangian to lower Sinemurian interval are
only preliminary understood and should be subject to further investigations. However, based on the
herein described sections, maximum flooding surfaces are tentatively placed in the Liasicus Zone,
Bucklandi Zone and Semicostatum Zone and maximum regressive surfaces are tentatively placed in
the Angulata Zone, the upper Bucklandi Zone and the Turneri Zone (Fig. 4.10). The preliminary T–R
sequences He2, He3 and Sin1 need further adjustment, in particular by means of biostratigraphic
dating.
4th-order sequences
The 3rd-order sequences are often substantiated by subordinated retrogradational–progradational
architectures of smaller scale. In particular sequence Rh1 is formed of stacked retrogradational–pro-
gradational intervals of up to 15 m thickness. So far, seven of such intervals could be recognised in
sequence Rh1 and correlated in the NGB (Fig. 4.8). These retrogradational–progradational intervals
are considered 4th-order sequences.
The 4th-order sequences are well exposed at Sehnde and Moseberg, in particular in the transgress-
ive phase of 3rd-order sequence Rh1 (supplement sections 4.9.2 and 4.9.3). Above a transgressive
surface at the top of pedogenic shales or silty to sandy lithologies, up to a few metres thick dark
laminated shales represent the transgressive phase and maximum flooding. The upwards change to
variegated pedogenic shales or heterolithic, silty and sandy lithologies represent the regressive phase
and maximum regression. By means of this, the stacking pattern of 4th-order sequences contributes
to the stepwise increase of brackish-marine bio- and lithofacies. In individual sections, this overall
trend constitutes the transgressive phase of 3rd-order sequence Rh1. The 4th-order sequences of the
Figure 4.7 (facing page): Norian–Hettangian succession at the Autobahn BAB 4 North of Eisenach; view of the
northern flank of the Moseberg in January 2009. The succession superbly exposed transgressive surfaces at the
base of the Seeberg Formation and at the base Hettangian. The latter, marked by the disconformable contact
of a bioclastic limestone bed to terrestrial upper Rhaetian strata, masks a gap with the DC Zone and the lower
Planorbis Subzone missing, * – Pre-Planorbis Member of Psilonotenton Formation; A – Psiloceras psilonotum, B
– detail of A; C – Schlotheimia cf. phobetica (leg. S. Brauner, Friedrichroda); scale bars are 1 cm. D–F: lithologies
of the Arnstadt and Seeberg formations. D – red, completely destratified shales (pedoturbation) on top of a
mature calcisol at around 44 m of the exposure (supplement Fig. 4.13), scale is 1.2 m. The calcisol correlates with
the so-called ‘Mühlburgbank’ sensu Kellner (1997) of the ‘Drei-Gleichen-Gebiet’ North of Arnstadt (Thuringia),
the type area of the Arnstadt Formation. E – c. 2 m thick grey to dark grey shales and heterolithes at around
82 m of the exposure. The shaly succession, sandwiched between light grey siltstones, is dated as the basal
Ricciisporites-Conbaculatisporites Zone and corresponds to MFS Rh1 (supplement Fig. 4.13), scale is 2.0 m. The
arrow marks a lateral off-lapping micritic carbonate bed. F – Grey and slightly reddish brown interval at
119.2–120.5 m of the exposure dated as the Ricciisporites-Polypodiisporites Zone, scale is 1.4 m. D–F show the
succession at the southern flank of the Moseberg; numbers refer to palynological and geochemical samples
detailed in supplement Tables 4.5 and 4.7. (For interpretation of the references to colour in this figure legend,
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regressive phase are characterised by successive shallowing and retreat of brackish-marine biofacies.
Their stacking pattern contributes to the successive progradation of coastal-deltaic sandstones, such
as the Contorta sandstone (Fig. 4.5).
For sequences Rh2 and He1, three and up to four of such 4th-order sequences could be recognised
but their correlation in the NGB is only preliminary adjusted so far. Therefore, further investigations
are necessary, for example by means of high-resolution palynology (Heunisch et al. 2010), before
plausible 4th-order sequences could be proposed for sequences Rh2 and He1.
4.7 Discussion
4.7.1 Deltoidospora-Concavisporites Zone
The overlap of Rhaetian and Liassic palynomorphs in a narrow interval and the dominance of laevigate
trilete spores with triangular shape were first noted by Lund (1977) and Dybkjær (1988) from studies in
the NGB and Danish Basin, respectively. Increased frequencies of laevigate trilete spores of the genera
Deltoidospora and Concavisporites in palynomorph assemblages were also recorded from numerous
sections of the CEB and its western gate (Schuurman 1977; Achilles 1981; Achilles & Schlatter 1986;
Brenner 1986; Weiss 1989; Dybkjær 1991; Ziaja 2006; Lindström & Erlström 2007; Larsson 2009;
Bonis et al. 2010b; Heunisch et al. 2010; Pieńkowski et al. 2012). Also sections of the NW Tethyan
shelf (Karle 1984; Holstein 2004; Bonis et al. 2009; Götz et al. 2009; Bonis et al. 2010a), Boreal realm
(Pedersen & Lund 1980; Mander et al. 2013) and elsewhere (see Lindström et al. 2017) proved increased
frequencies of such spores in end-Triassic strata. Thus, this increased frequency seems to be of
some global importance, but the identification of typical taxa is often hampered due to taxonomic
problems within the big clusters of Deltoidospora and Concavisporites, but also Cyathidites, Gleicheniidites,
Intrapunctisporites and Kyrtomispora. Abnormal variations of trilete spores are also present in the T–J
transition interval, but have not been considered so far, respectively pictured. Beside other localities
studied herein, two samples from the Kuhjoch GSSP (Austria) included such aberrant spores (Fig. 4.4:
17–20; Heunisch 2012). A basal Hettangian age is proved by remarkable numbers of Kraeuselisporites
reissingeri and the missing of Rhaetian marker species. Also by microfossils the two samples were
dated as basal Hettangian (F. W. Luppold, LBEG, pers. inform.).
Apart from taxonomic problems and discussions of an end-Triassic global spore spike (discussions
in Bonis & Kürschner 2012), Lindström (2015) has reviewed a number of localities in which increased
frequencies of trilete spores were observed and related this to the recovery phase of terrestrial ecosys-
tems following the end-Triassic extinction interval.
In the CEB, the increased occurrence of laevigate trilete spores was so far only subject to informal
zones, such as the ‘topmost Upper Rhaetic’ (Lund 1977), ‘Zone A’ (Dybkjær 1988), ‘Deltoidospora sphae-






























































































































































































































































4 Marine and terrestrial sedimentation across the T–J transition in the NGB
et al. 2010). For the Danish Basin, Lindström (2015) proposed formal palynomorph zones including
the Perinopollenites-Deltoidospora-Stereisporites (PDS) Zone for the interval of increased frequencies of
Perinopollenites and Deltoidospora and the Deltoidospora-Perinopollenites-Pinuspollenites (DPPi) Zone for
the interval in which Pinuspollenites increases and Deltoidospora is still dominant. In particular the
correlation as proposed by Lindström (2015) is of importance for the NGB and the herein introduced
DC Zone. Following the upper Rhaetian RP Zone, corresponding to the Calamospora-Conbaculatisporites-
Monosulcites (CCM) Zone, Deltoidospora, Concavisporites but also Perinopollenites show rapidly increasing
frequencies within an overlapping interval of typical Rhaetian palynomorphs such as Ricciisporites
tuberculatus and Limbosporites lundbladii and typical Liassic species like Pinuspollenites minimus and
Perinopollenites elatoides (Lund 1977; Dybkjær 1988; Heunisch et al. 2010; this work). This interval, herein
defined as DC Zone, correlates well with the PDS and DPPi Zones of Lindström (2015). Lindström
(2015) correlated the PDS Zone with the informal subzone D1 of the Trachysporites-Heliosporites (TH)
Zone (Kürschner et al. 2007; Bonis et al. 2009; von Hillebrandt et al. 2013) and the DPPi Zone with the
informal subzone D2 of TH Zone (Fig. 4.2). As the base-Hettangian GSSP is situated in the informal
subzone D2 (von Hillebrandt et al. 2013), both the DPPi Zone of Lindström (2015) and the herein
proposed DC Zone range into the lowermost Hettangian. The Perinopollenites-Pinuspollenites (PPi)
Zone, which correlates with the PT Zone (Lund 1977; this work), represents the first stable assemblage
of Liassic palynomorphs (Lindström 2015).
4.7.2 Diachronous marine–terrestrial facies shifts in the CEB
The Rhaetian–Sinemurian basin fill records major marine-terrestrial facies shifts. The eastwards
directed diachronous onlap of brackish-marine shales in the Rhaetian results from a transgression
through a western gate and successive expansion of an epeiric sea. A transgression in the Rhaetian
from the West was already evidenced by Schickor (1969), Will (1969) and Fischer et al. (2012). In
addition, a coeval transgression via the Burgundy-Alemannic Gate to the South was promoted by
Bürgin & Furrer (1992), Beutler & Szulc (1999), Bachmann et al. (2010) and Fischer et al. (2012). Likewise,
this transgression resulted in diachronous onlap of brackish-marine shales in the southern CEB as
suggested by Etzold et al. (2010). An estimation of the time involved in these transgressive onlaps,
for example from western UK to central Germany, is hampered so far due to the rather preliminary
chronostratigraphy of the Rhaetian stage.
In Somerset and eastern onshore UK, the onset of marine Hettangian strata with ammonites
is heralded by the transgressive onlap of marine to brackish-marine strata of the upper Lilstock
Formation and the Pre-Planorbis Beds (e.g. Hesselbo et al. 2004). The timing of the successive
eastwards directed onlap of the Pre-Planorbis Beds up to North Germany and Lolland (Denmark) can
only be relatively described. Bonis et al. (2010b) assigned the transgressive onlap of the uppermost













































































































































































































































































































































































































































































































































































































































4 Marine and terrestrial sedimentation across the T–J transition in the NGB
(2015), this level corresponds to the upper RP Zone of the herein used zonation. In NW Germany,
the transgressive onlap of the Pre-Planorbis Beds coincides with the base of the Hettangian PT Zone
whereas in Lower Saxony and Lolland, the transgressive onlap is identified in the lower part of
this zone. Thus, the transgressive onlap of the Pre-Planorbis Beds started in the latest Rhaetian
and terminated in the earliest Hettangian (Fig. 4.9). The onlap of marine Hettangian strata with
ammonites spans from the P. erugatum Biohorizon in western UK up to the P. psilonotum Biohorizon
in central Germany. Due to favourable stratigraphic control on Jurassic strata, the time involved in
this onlap may be estimated as follows. The durations of the Tilmanni Zone and Planorbis Zone were
estimated ~ 300 kyr and ~ 250 kyr, respectively (Ruhl et al. 2010; Ogg et al. 2016). von Hillebrandt &
Kment (2015) subdivided the Tilmanni Zone into six biohorizons and thus, the duration of such a
biohorizon may be estimated at ~ 50 kyr. According to Page (2002), the Planorbis Zone is subdivided
into 10 biohorizons and thus, the duration of an individual biohorizon may be estimated at ~ 25
kyr. Taking these estimates into account, marine environments, characterised by the occurrence of
ammonites, established in the westernmost CEB with a delay by about 250 kyr compared to the GSSP
(five biohorizons of the Tilmanni Zone). Following this, the progradation of marine environments
from western UK up to central Germany lasted about 100 kyr (one biohorizon of the Tilmanni Zone
plus two biohorizons of the Planorbis Zone, Fig. 4.9).
4.7.3 Conformities and disconformities
At basin-internal swells and margins of the CEB, the upper Triassic Keuper shows large-scale onlap-
ping stratal pattern architectures (e.g. Seitz & Wicher 1951; Kootz & Schumacher 1967; Wolburg 1969;
Grodzicka-Szymanko 1971, 1976; Beutler & Schüler 1978; Duchrow 1984; Barnasch et al. 2005). From
numerous observations on basin-margin transects and basin-internal swells, Beutler (2005a) drafted
a stratigraphic concept of the Keuper and defined eight disconformities. Nitsch et al. (2005) employed
this concept and proposed basin-wide disconformities resulting from long-term non-deposition
(gaps). However, the up to 7 myr long gaps proposed by Nitsch et al. (2005) were neither constrained
by biostratigraphic data nor substantiated by observations in the basin centre! In the basin centre,
repeated phases of long-term non deposition sensu Nitsch et al. (2005) are in general conflict to
numerous earlier works (Will 1969; Wolburg 1969; Appel 1981; Battermann 1989; Stinder 1989) and
subsequent works integrating also biostratigraphical methods (Kozur & Weems 2007; Franz 2008;
Kozur & Bachmann 2008; Bachmann et al. 2010; Barnasch 2010; Kozur & Weems 2010, 2011a; Kozur
et al. 2013). In agreement to these works, Franz et al. (2016) reconstructed a continuous upper Triassic
succession in the basin centre, which is laterally associated to disconformable successions at swells
and marginal areas. Moreover, Geyer & Kelber (2017) reconstructed a rather continuous upper Triassic
succession in the southern CEB.
From the herein investigated interval, the boundary of the Arnstadt and Exter Formations is
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considered conform in the centre of the NGB as already described by Will (1969, p. 172), Wolburg
(1969, his Figs. 14 and 27), Appel (1981, p. 13), Battermann (1989, p. 114), Stinder (1989, p. 97) and
Barnasch (2010, p. 185). As demonstrated herein, this boundary is associated to the transgression of
the Rhaetian Sea and represents a diachronous transgressive surface (Beutler et al. 1996, Fig. 10; Lund
2003, p. 74; this work: Fig. 4.8; supplement sections 4.9.2, 4.9.3 and 4.9.9). Within individual sections,
this transgressive surface may represent shorter gaps, for example due to transgressive reworking,
but a 3.0 myr long isochronous interval of non-sedimentation as proposed by Nitsch et al. (2016) is
not indicated. In eastern Germany and Thuringia, the upper Arnstadt Formation comprises some
mature calcisols corresponding to the boundary interval of the Arnstadt and Exter Formations in NW
Germany (Fig. 4.7; Franz 2008). Studies on modern calcisols report a time span of 7–1,000 kyr for their
formation (Netterberg 1980; Arakel & McConchie 1982; Arakel 1991; Rösner 1995; Kelly et al. 2000); a
significantly shorter time-span compared to the 3.0 myr long gap proposed by Nitsch et al. (2016).
In the central part of the NGB, the succession of the Rhaetian Exter Formation is commonly
considered concordant (Will 1969; Wolburg 1969; Lund 1977, 2003; Franz 2008; Barnasch 2010; this
study). In the southern and northern marginal areas, shorter gaps resulting from incision of deltaic
channels could be dated herein to palynomorph zones (supplement sections 4.9.2, 4.9.5 and 4.9.7).
These gaps are associated to Rhaetian sea-level lowstands (Fig. 4.5). In particular, the end-Triassic
regression (MRS Rh2) resulted in shorter gaps at marginal delta plains. For example, the sharp
boundary between Rhaetian siltstones and Hettangian shales exposed at Moseberg and Seeberg
represents a gap with the DC Zone missing (Fig. 4.5; supplement sections 4.9.3 and 4.9.4). Towards
the centre of the NGB, the T–J transition interval is considered concordant as demonstrated by up to
16-m-thick Pre-Planorbis Beds in the Emsland area (Hoffmann 1960; Will 1969). The gaps observed
herein around the T–J transition correspond to contemporaneous short gaps described from St.
Audrie’s Bay or the Northern Calcareous Alps (Fig. 4.10; e.g. Bernecker et al. 1999; Hesselbo et al. 2004;
Krystyn et al. 2005).
Gaps within the Hettangian–lower Sinemurian succession are herein tentatively assigned to the
Angulata Zone (MRS He2) and the Turneri Zone (MRS Sin1), respectively (Fig. 4.10). These gaps
are clearly related to sea-level lowstands and transgressive reworking which affected mainly the
northern and southern marginal parts of the NGB. Comparable gaps were described from other
localities of these marginal areas, for example from Bielefeld (Schubert 2005) and Göttingen (Arp et al.
2004). Towards the centre of the NGB, the Hettangian–lower Sinemurian is considered concordant
as Hoffmann & Martin (1960) reported a fairly complete succession of ammonite zones and subzones
from wells of the Emsland area.
121
4 Marine and terrestrial sedimentation across the T–J transition in the NGB
4.7.4 Controls on marine–terrestrial facies shifts in the CEB
The causal link of the fundamental facies shifts affecting the CEB in the Late Triassic–Early Jurassic
and the break-up of Pangaea is generally accepted (Ziegler 1990; Bachmann et al. 2010; Lott et al.
2010). Extensional tectonics to the West of the CEB are considered responsible for both, opening
of new gates, for example in the area of today’s British Isles (see section 4.6.3), and increasing rates
of subsidence in particular in the NW CEB (e.g. Nelskamp et al. 2008). As a consequence the CEB
became connected with Tethyan waters through gates to the West and South (e.g. Fischer et al. 2012).
The herein presented correlations of Rhaetian–lower Sinemurian strata argue for a synchronised
sea-level history in the CEB (Figs. 4.8–4.10). The tentative correlation with the Kuhjoch section (base
Hettangian GSSP) and other Tethyan and peri-Tethyan localities, as attempted in chapter 4.7.6,
suggests a commutated sea-level history in the Tethyan and peri-Tethyan realm and thus, makes the
eustatic influence on the Rhaetian–Sinemurian sea-level of the CEB feasible.
In the northern CEB, the depositional environments of the Norian–Hettangian interval document a
change from semiarid to more humid climate (e.g. Ahlberg et al. 2002; Feist-Burkhardt et al. 2008). As
a consequence, increased runoff from surrounding source areas, in particular Scandinavian sources,
supplied large amounts of freshwater and sediment to the inland sea. This resulted in the eastwards
directed freshening of the inland sea as shown in previous studies (e.g. Will 1969; Fischer et al. 2012)
and herein. If the climate change in the northern CEB was part of a global climate change or related to
increased onshore precipitation induced by evaporation of the newly formed inland sea as discussed
by Ahlberg et al. (2002) needs to be further investigated.
In northern Germany salt diapirism attained a first maximum in the late Triassic–early Jurassic
interval (Trusheim 1957; Kootz & Schumacher 1967; Jaritz 1973). The herein described successions of
the Allermöhe 1, Barth 10, Wernsdorf 2 and Wolgast 1/1a wells and the Sehnde outcrop are spatially
related to salt structures. The Allermöhe 1 well is located in the rim syncline of the Reitbrook salt
plug whose development was already finished in the late Triassic (Jaritz 1973). However, increased
subsidence of the rim syncline may have continued into the early Jurassic as indicated by increased
thicknesses of the Hettangian. The Wolgast 1/1a, Barth 10 and Wernsdorf 2 wells are situated on top
of the Hohendorf salt pillow and the flanks of the Prerow and Friedersdorf salt pillows. All of these
salt pillows formed postcursor to the herein investigated Norian–Sinemurian interval (Ahrens et al.
1995). The Sehnde outcrop is situated on top of the Sarstedt-Sehnde-Lehrte salt plug, which was active
from the Middle Jurassic to Early Cretaceous (Jaritz 1973). Thus, the Norian–Sinemurian succession at
Sehnde was not influenced or controlled by salt movements. The same refers to previously published
wells herein used in the cross-section and palaeogeographic maps. For example, the Westerwanna
and Eitzendorf 8 wells are located in rim synclines of salt plugs, but these salt plugs were formed either
precursor (Westerwanna) or postcursor (Eitzendorf) to the Norian–Sinemurian interval (Jaritz 1973).





































































































































































































































































































































































































































































































































































































































4 Marine and terrestrial sedimentation across the T–J transition in the NGB
patterns (Hansen et al. 2007; Scheck-Wenderoth et al. 2008) did not have any impact on large-scale
facies shifts (Zimmermann et al. 2015).
4.7.5 Rhaetian–Hettangian sea-level record of the CEB
The herein proposed Rhaetian–Hettangian sequences of the NGB show congruences but also differ-
ences to previously published schemes of Aigner & Bachmann (1992) and Seeling & Kellner (2002).
In their preliminary sequence-stratigraphy, Aigner & Bachmann (1992) proposed sequence 6 for the
entire Rhaetian. Sequence 6 seems to correspond to sequences Rh1 and Rh2 (this work), but as the
MFS was imprecisely placed within the Middle Rhaetian a correlation with the herein proposed MFS
Rh1 or MFS Rh2 remains speculation. The sequences proposed by Seeling & Kellner (2002) are largely
in congruence with sequences proposed herein. The Rhaetian sequence Rh1 (this work) seems to
correspond to sequence No2 of Seeling & Kellner (2002). But as almost the complete sequence is
assigned to the Rhaetian it is herein referred to as Rh1. The sequence Rh2 (this work) is congruent to
sequence Rh1 of Seeling & Kellner (2002) with the exception of the upper MRS. The MRS Rh2 (this
work) is placed in the upper RP Zone, but the upper MRS of Seeling & Kellner (2002) was placed at the
boundary between the RL Zone and RP Zone (Fig. 4.10). The sequence He1 (this work) ranges from
the uppermost RP Zone, through the DC Zone to the upper Planorbis Zone (Fig. 4.10). A comparable
sequence was not previously described from the NGB.
A comparison with published sequences from neighbouring subbasins reveals noticeable con-
gruencies, in particular for the upper Rhaetian suggesting a synchronised sea-level record of the
CEB (Fig. 4.10). The MRS Rh1 corresponds to the SB 5 of Nielsen (2003). Above, MFS Rh2 seems
to be well established in the western CEB. Contemporaneous upper Rhaetian MFS were reported
from the St. Audrie’s Bay–Doniford Bay section (Hesselbo et al. 2004; Warrington et al. 2008), the
Danish Basin (MFS 7 sensu Nielsen 2003) and Scania (Lindström & Erlström 2006). The same refers
to the MRS Rh2, which correlates with the sequence boundary described from the upper Cotham
Member (Lilstock Formation) by Hesselbo et al. (2004), sequence boundary 8 of Nielsen (2003) and
the sequence boundary of sequence I of Pieńkowski (2004). The diachronous onlap of marine strata
in the T–J transition interval and above represents a pronounced facies shift in the CEB; examples
were reported from numerous localities (e.g. Hoffmann 1962; Lund 1977; Beutler et al. 1996; Lund 2003;
Nielsen 2003; Heunisch et al. 2010; Pieńkowski et al. 2012). The transgression culminated in MFS He1,
herein assigned to the interval of the P. psilonotum to P. plicatulum Biohorizons. However, MFS He1
(this work) is not well established in the CEB so far. Nielsen (2003) described MFS 9 from the basal
mid-Hettangian and Hesselbo & Jenkyns (1998) and Hesselbo et al. (2004) reported maximum flood-
ings from the Pre-Planorbis Beds and the middle Liasicus Zone. Thus, these genetic surfaces are not
in agreement with the herein proposed MFS He1 (Fig. 4.10). From the Polish Basin Pieńkowski (2004)




4.7.6 Rhaetian–Hettangian circum-Tethyan eustatic cycles
Noticeable congruencies between sea-level records of Tethyan and peri-Tethyan basins suggest cir-
cum-Tethyan eustatic cycles. The Rhaetian–Hettangian stratal pattern architectures of these basins
may have been forced by a number of controls, but the sea-level is commonly considered the most
dominant one (Hallam 1988; Aigner & Bachmann 1992; Hesselbo & Jenkyns 1998; Seeling & Kellner
2002; Nielsen 2003; Pieńkowski 2004; Lindström & Erlström 2006). This is in particular demonstrated
by congruent Rhaetian and lower Hettangian maximum flooding surfaces (Fig. 4.10). Rhaetian MFS
of the CEB (MFS Rh1, MFS Rh2) correlate with MFS reported from the Paris Basin (Goggin & Jacquin
1998), the SE France Basin (Dumont 1998), the Eiberg Basin (Holstein 2004) and the Tethyan Standard
(Gianolla & Jacquin 1998). A maximum flooding in the Planorbis Zone as reported from the Paris
Basin (de Graciansky et al. 1998), the SE France Basin (Dumont 1998) and the Tethyan (Jacquin &
de Graciansky 1998; Kürschner et al. 2007) corresponds to the herein recognised MFS He1. Beside
congruent MFS, the correlation of Rhaetian MRS of the CEB (MRS Rh1, MRS Rh2) with examples
described from the Paris Basin (de Graciansky et al. 1998), the SE France Basin (Dumont 1998), the
Eiberg Basin (Holstein 2004) and the Tethyan (Jacquin & de Graciansky 1998; Kürschner et al. 2007;
McRoberts et al. 2012) further advocate for eustatic sea-level control on Tethyan and peri-Tethyan
basins (Fig. 4.10).
Sequences or cycles of higher order were described from the Rhaetian of the Eiberg Basin and its
margins (Bernecker et al. 1999; Holstein 2004; Krystyn et al. 2005; Thibault in Mette et al. 2016) and
from the Hettangian of St. Audrie’s Bay (Ruhl et al. 2010). A preliminary comparison appears possible,
but a detailed correlation needs further adjustment as shown by the comparison between 4th-order
sequences proposed for the Eiberg Basin (Fig. 4.10). Within sequence 1, Holstein (2004) noted a
minimum of seven 4th-order sequences; a comparable number was recognised for sequence Rh1 (this
work). Ruhl et al. (2010) described four 100 kyr cycles from the interval of the upper Lilstock Fm, the
Pre-Planorbis Beds and the Planorbis Zone. These may correspond to four preliminary 4th-order
sequences described herein from sequence He1.
The record of Rhaetian–Hettangian circum-Tethyan eustatic cycles of 3rd-order and 4th-order is in
line with recently published Ladinian and Carnian examples (Franz et al. 2014, 2015a). Thus, there
seems to be broad confidence of middle Triassic to lower Jurassic circum-Tethyan sea-level oscillations
of higher order as already Haq et al. (1987) noted the presence of 106-year to 105-year scale sea-level
changes. Such higher order sea-level fluctuations call for a glacioeustatic control, in particular if
these short-term fluctuations are rapid and of high amplitude of possibly up to 200 m (Hallam 1997;
Krystyn et al. 2005). Glacioeustatic sea-level oscillations have earlier been proposed by Fischer (1964),
Goldhammer et al. (1987), Price (1999) and Miller et al. (2005) and others. In contrast to possible
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Triassic examples, which are supported by only very few other indications such as tillites, the Jurassic
examples are much better constrained (Price 1999). Beside these classical sedimentological arguments,
studies on stable isotopes have suggested late Pliensbachian and Aalenian–Bajocian cool climate
modes (Korte & Hesselbo 2011; Korte et al. 2015). However, if also the Rhaetian–Hettangian higher
order sea-level fluctuations were controlled by such a cool climate mode needs further investigations.
4.8 Conclusions
Successive late Triassic–early Jurassic sea-level changes resulted in a series of marine–terrestrial
facies shifts in the CEB. A basin-scale study of wells and outcrops gives detailed insights how these
sea-level changes lead to a fundamental change from predominantly terrestrial Upper Triassic to
marine and terrestrial Early Jurassic environments. The following conclusions can be drawn.
1. Palynomorph and ammonite biostratigraphy enables the detailed temporal and spatial resol-
ution of Upper Triassic to Early Jurassic marine–terrestrial facies shifts including improved
time-control on transgressive surfaces, maximum floodings and maximum progradations of
coastal-deltaic sandstones.
2. The herein proposed Deltoidospora-Concavisporites (DC) Zone contributes to improved correla-
tions and enables the identification of the T–J transition in marine and terrestrial strata of the
CEB.
3. A short-term ingression in the upper Norian Corollina-Porcellispora Subzone resulted in a shallow
enclosed inland sea, which was restricted to the western part of the NGB.
4. The Rhaetian transgression led to the diachronous transgressive onlap from the Granulopercu-
latipollis Subzone (NW Germany) to the Enzonalasporites-Conbaculatisporites Subzone (central
Germany). Maximum floodings are indicated in the upper Corollina-Enzonalasporites Zone to
basal Rhaetipollis-Limbosporites (RL) Zone (first Rhaetian MFS) and in the upper RL Zone (second
Rhaetian MFS).
5. Following the end-Triassic regression, herein dated as the uppermost Ricciisporites-Polypodiispo-
rites Zone, the onset of marine Hettangian strata with ammonites (P. erugatum, St. Audrie’s Bay)
postdates the base Hettangian GSSP by about 250 kyr. From there to central parts of the basin,
the diachronous onlap of marine Hettangian strata with ammonites is estimated by about 100
kyr. The transgression resulted in a first maximum flooding of the Jurassic in the Planorbis
Zone, possibly the interval of the P. psilonotum to P. plicatulum Biohorizons.
6. Rhaetian–Hettangian 3rd-order and preliminary 4th-order sequences of the CEB correlate with
contemporaneous Tethyan and peri-Tethyan sequences pointing to circum-Tethyan eustatic
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cycles. The presence of 106-year scale eustatic cycles may be attributed to glacioeustatic sea-level
changes.
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5 Palaeogeographical evolution of the Lower Jurassic:
high-resolution biostratigraphy and sequence
stratigraphy in the Central European Basin
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und Jens Zimmermann (Sequenzstratigraphie im NDB, Korrelation von Bohrlochmesskurven). Die
Autoren Matthias Franz und Gesa Kuhlmann trugen konzeptuelle Hinweise, Diskussionsthemen und
Korrekturen bei.
5.1 Abstract
Basin-scale stratigraphic correlation is the fundamental base for successful reservoir exploration, and
especially when dealing with cross-border areas. Differences in lithostratigraphic and chronostrati-
graphic nomenclature between sub-basins and countries often result in problematic estimations
of reservoir geometries and potential. This study combines available biostratigraphic, biofaunal
and lithofacies data, together with sequence-stratigraphical correlations of the Lower Jurassic from
the CEB, to propose a genetic-based framework of transgressive and regressive depositional units.
The determination of four major biofacies environments, composed of (I) polyhaline open-marine/
offshore environments, (II) upper mesohaline marine–brackish environments, (III) lower mesohaline
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brackish environments and (IV) low oligohaline to freshwater continental environments comprising
very rare marine phytoplankton and terrestrial spores and pollens, were translated into 12 biofacies
reconstructions of ammonite (sub-) chronozone levels. Variations of biofacies reconstructions in time
and space were supplemented by biostratigraphically constrained large-scale progradational and
retrogradational sedimentary architecture. Retrogradation is accompanied by increasing polyhaline
environments and pinpoint basinwide third-order flooding events, whereas progradation is accom-
panied by decreasing polyhaline environments pointing to third-order regressions. The outcomes of
this study support exploration of Lower Jurassic deep geothermal reservoirs or CO2 storage sites in
the eastern CEB (especially Germany and Poland).
Zusammenfassung Die beckenweite stratigraphische Korrelation ist eine fundamentale Grundlage
für die erfolgreiche Reservoir-Erkundung, insbesondere an Ländergrenzen. Unterschiede in der
lithostratigraphischen und chronostratigraphischen Nomenklatur zwischen Teilbecken und Ländern
führt oft zur problematischen Abschätzung von Reservoir-Geometrien und ihrem Potenzial. Diese
Studie kombiniert verfügbare biostratigraphische, biofaunale und lithofazielle Daten mit der sequen-
zstratigraphisch gestützten Korrelation im Unteren Jura des MEBs, um einen genetisch basierten
Rahmen für transgressive und regressive Ablagerungseinheiten herzustellen.
Die Festlegung von vier wesentlichen Biofazies-Milieus ermöglichte die Rekonstruktion von 12
Biofazies-Karten für jede Ammoniten-Zone (-Subzone) des Unteren Jura. Diese Biofazies-Milieus
sind: (I) polyhaline, offen-marine Milieus; (II) obere mesohaline, marin-brackische Milieus; (III)
untere mesohaline, brackische Milieus, und (IV) untere oligohaline bis Frischwasser-/kontinentale
Milieus (mit einem nur geringen Anteil an marinem Phytoplankton, jedoch mit Sporen und Pol-
len von Landpflanzen). Die biofaziellen Rekonstruktionen in Zeit und Raum wurden ergänzt mit
biostratigraphisch kontrollierter, großskaliger, progradierender und retrogradierender Sediment-
Architektur. Die Retrogradationen gehen einher mit einer Zunahme polyhaliner Verhältnisse und
beckenweiten Flutungen 3. Ordnung. Progradierende Prozesse sind gekennzeichnet durch eine
Abnahme polyhaliner Verhältnisse, die auf Regressionen 3. Ordnung hinweisen.
Die Ergebnisse dieser Studie sollen die Erkundung von unterjurassischen Reservoiren (für tiefe
Geothermie oder die Untergrund-Speicherung von CO2) im östlichen Teil des MEBs (besonders
Deutschland und Polen) unterstützen.
5.2 Introduction
From the Late Triassic to the Middle Jurassic, the epicontinental CEB experienced one of the most
fundamental changes in the Earth’s history. The transformation of continental environments of
the Keuper (Late Triassic) towards fully marine environments of the Lower and Middle Jurassic
were accompanied by significant environmental and biofaunal perturbations, such as Large Igneous
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Provinces, the End-Triassic mass extinction, the Toarcian Oceanic Anoxic Event, carbon and oxygen
isotope excursions (Jenkyns 1988; van de Schootbrugge et al. 2013), and the invasion of Tethyan and
Boreal ammonites (Callomon 1985; Benton 1986; Hallam 1997; Callomon 2003; Poulsen & Riding 2003).
Triggered by global sea-level rise due to the intensified rifting of Pangaea, the continental lowlands of
the CEB were successively flooded from the west and, as a consequence, fully marine environments
advanced towards the east forming first an enclosed inland sea in the Early Jurassic (e.g. Lott et al.
2010) and eventually transforming to an open shelf sea that was well connected to both the Boreal
and the Tethyan oceans by Middle Jurassic times (Ziegler 1990; Zimmermann et al. 2015; see also the
Discussion).
Marine flooding began as early as the Rhaetian (latest Triassic) in the western areas of the offshore
UK (Fischer et al. 2012; Barth et al. 2018) and Denmark (Nielsen 2003), and continued towards the
east in the Early Hettangian (Barth et al. 2018). However, widespread fully marine environments with
ammonites reached the eastern part of the CEB (Poland) about 11.3 myr later in the Early Pliensbachian
Jamesoni–Ibex Chronozone (Dadlez 1969; Pieńkowski 2004; Zimmermann et al. 2015 amongst others).
Hallam (2001) claimed that the overall pattern appears to be a more or less gradual sea-level rise
through the Jurassic interrupted by episodes of comparative stillstands rather than eustatic fall.
Temporal sea-level fluctuations resulted in numerous sequence stratigraphic schemes in several
sub-basins of the CEB, such as the North Sea Basin (Partington et al. 1993; Underhill & Partington
1993; de Graciansky et al. 1998; Jacquin et al. 1998), the British Jurassic Coast (Callomon & Chandler
1994; Hesselbo & Jenkyns 1998; Jacquin et al. 1998), the Danish–Swedish Basin (Pieńkowski 1991a,b;
Koppelhus & Nielsen 1994; Surlyk et al. 1995; Andsbjerg & Dybkjær 2003; Michelsen et al. 2003;
Nielsen 2003; Nielsen et al. 2010), the NGB (see Döhler 2005; Bachmann et al. 2008; Brand & Mönnig
2009; Zimmermann et al. 2015; Barth et al. 2018) and the Polish Basin (Pieńkowski 1991b; Feldman-
Olszewska 1997a,b; Pieńkowski 2004; Pieńkowski et al. 2008) (Fig. 5.1). However, due to different
biostratigraphic resolution and applied methods, chronostratigraphic calibration of the sequence
stratigraphic bounding surfaces is often varying (Zimmermann et al. 2015).
Although extensive research was performed both in the German and Polish part of the CEB, strati-
Figure 5.1 (facing page): Compilation of second-order transgressive (T) and regressive (R) sequences in the CEB.
First- and second-order Boreal and Tethyan sequences are according to de Graciansky et al. (1998) and Jacquin
et al. (1998). T–R sequences in England are from Dorset and Yorkshire (Hesselbo & Jenkyns 1998; Jacquin
et al. 1998). Sequences of the western Paris Basin are from de Graciansky et al. (1998) and Jacquin et al. (1998).
Danish sequences are from the Danish Basin (Andsbjerg & Dybkjær 2003; Nielsen 2003) and from Bornholm
(Koppelhus & Nielsen 1994; Surlyk et al. 1995). T–R sequences from the NGB are from Zimmermann et al. (2015)
and Barth et al. (2018). Second- and third-order sequences of the Polish Basin are from Feldman-Olszewska
(1997a,b) – Middle Jurassic; and Pieńkowski (2004) and Pieńkowski et al. (2008) – Lower Jurassic. Lower
Jurassic sequences are in consecutive order, based on Pieńkowski (2004). Some of these sequences (II, III, IV
and VI) coincide with those of second order, while other (I, V, VII, VIII, IX, X and XI) represent the third-order
ones.
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graphical and facies correlations were usually confined to national boundaries or more local areas,
and little has been published, as yet, on the trans-border correlation of the Lower Jurassic series
(Dadlez 1969; Pieńkowski 1991a; Lott et al. 2010). Thus, in this study, an attempt is made to combine
published and unpublished biostratigraphic and biofaunal information, both in Germany and Poland,
supplemented by similar data from southern Denmark and southern Sweden, in order to reconstruct
biofaunal provinces in the ammonite subchronozone level for the CEB. In addition, studies on cored
and logged wells in the NGB and the Polish Basin were used for the reconstruction of the sediment-
ary architecture of the Lower Jurassic strata, and then combined with biofaunal reconstructions to
forward a synoptic biofaunal and sequence stratigraphic framework of the Lower Jurassic in the CEB.
5.3 Geological setting and basin evolution
The early phase of the break-up of Pangaea, which had already initiated in the latest Permian and
intensified in the Late Triassic–Early Jurassic, was characterized by west–east-directed extensional
stress that resulted in the CEB in the formation of north–south- and NW–SE-trending graben systems
(e.g. the Central Graben, Viking Graben, East and West Holstein troughs, Gifhorn Trough) (Wienholz
1967; Ziegler 1982; Dadlez et al. 1995; Poprawa 1997; Pieńkowski et al. 2008; Scheck-Wenderoth et al.
2008), and the activation of the Mid-Polish Trough in the Early Jurassic. The North Sea rift system re-
mained active during the Early Jurassic, as evident in the Viking and Dutch Central graben. Continued
regional thermal subsidence of the CEB during the Rhaetian and Hettangian, combined with sea-level
rise, controlled the development of a wide, shallow-marine basin that was successively flooded from
the west (e.g. Will 1969; Ziegler 1990; Bachmann et al. 2008, 2010). This connection coincides with
a significant sea-level rise and eastwards transgression that culminated in the Pliensbachian, with
fully marine conditions as far east as central Poland (Pieńkowski 2004, 2014). Rising sea-level also
facilitated Tethyan waters to enter the CEB (Fig. 5.2).
The Early Jurassic basin in Poland was generally no deeper than some tens of metres, only occa-
sionally below the storm wave-base (50–80 m in the Early Pliensbachian in western Pomerania), but
most frequently it was between 10 and 20 m deep (Pieńkowski 2004). The main centre of Jurassic
sedimentation was along the NW–SE-trending Mid-Polish Trough, which extends from western
Pomerania to the Holy Cross Mountains and is aligned with the Teisseyre-Tornquist Zone to the
north (Dadlez et al. 1995; Poprawa 1997; Pieńkowski 2004).
Since the CEB was influenced by recurrent marine environments, the model of transgressive–
regressive sequences (T–R sequences) has been applied in former studies and further used in this
study (de Graciansky et al. 1998; Jacquin et al. 1998, and references therein). These T–R sequences
are hierarchically ordered, and are composed of first and second-order sequences (van der Meer
et al. 2017). The Norian Arnstadt Formation (terrestrial Keuper facies) marks the base sequence
boundary of the first-order Ligurian Cycle. The maximum transgression of the Ligurian Cycle is
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Figure 5.2: The CEB with associated sub-basins and surrounding highs during the Early Jurassic (after Ziegler
1990). The inlayed box is the study area. Black lines are the main faults; the dotted black line with numbers is
the cross-section (see Fig. 5.8: 1, Gt Gross-Buchholz 1; 2, Kb KSS 5/66; 3, Kb Barth 10/65; 4, Kamień Pomorski IG1;
5, Kaszewy 1; 6, Przysucha 1); grey dots are wells and outcrops with biofaunal and biostratigraphic information.
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placed in the Early Toarcian Tenuicostatum–Serpentinum Chronozone, and regressive systems tract
culminates in the Late Aalenian (de Graciansky et al. 1998; Jacquin et al. 1998, and references therein).
The CEB expanded to its largest extent, communicated with Boreal and Tethyan waters through
several gates, and experienced many environmental perturbations (Toarcian Oceanic Anoxic Event
(T-OAE): Jenkyns 1988; Hesselbo et al. 2007; Hesselbo & Pieńkowski 2011; Korte et al. 2015; Pieńkowski
et al. 2016). The following North Sea Cycle is transgressive to its maximum transgression in the
Late Jurassic Kimmeridgian, and regressive until the Early Cretaceous (Jacquin et al. 1998). For the
Early Sinemurian–Early Toarcian, more detailed T–R cycles have been described in the literature
and placed into a chronostratigraphic context. A hierarchical division of third-order and, in some
sections, fourth-order sealevel cycles was adopted, and proved its applicability in correlation between
fully marine and marginal-marine facies (Pieńkowski 2004; Hesselbo & Pieńkowski 2011).
Sequence stratigraphic correlation is made more complex in places where local tectonic movements
influenced sedimentation. Commonly, successions above salt structures are reduced and contain
more proximal facies, with numerous erosional surfaces associated with hiatuses. Some areas within
the CEB area (e.g. the Wielkopolska Ridge) were emerged temporarily and, from time to time, were
covered with sediments (Dadlez & Franczyk 1976; Pieńkowski 2004) (Fig. 5.2). Some older tectonic
units, although less marked in Jurassic times, show some distinctiveness in stratigraphical and facies
pattern (Pieńkowski 2004). One example is the Gorzów Block (Dadlez 1974; Pieńkowski 2004), which
extends from western Poland (Fore-Sudetic Monocline) to eastern Germany (Brandenburg).
5.4 Material and methods
Early Jurassic biota recovery resulted in an immense wealth of fossils throughout the Jurassic period.
Lower Jurassic sections and their fossil content have a long publication history in Germany, Denmark,
Sweden and Poland (e.g. Mestwerdt 1910; Oertel 1922; Lang 1924; Troedsson 1951; Reyment 1959;
Kopik 1962, 1964; Schumacher & Sonntag 1964; Dadlez 1969; Karaszewski & Kopik 1970; Hoffmann
& Jordan 1982). Biostratigraphy in the Jurassic is commonly achieved by ammonites but, where
inadequate facies or preservation potential prohibit ammonite biostratigraphy, ostracods and then
lower-resolution palynomorphs and, in parts, foraminifera can be applied. Low-resolution biostra-
tigraphy in marginal-marine deposits makes sequence stratigraphic correlations less certain and
precise; however, marginal-marine facies are much more sensitive in registering changes in water
depth/shore proximity (Pieńkowski 2004). Stratigraphic subdivision of index fossil-barren deposits
has been supported by chemostratigraphy. In some intervals (the Rhaetian–Hettangian transition
and the uppermost Pliensbachian–Lower Toarcian section), chemostratigraphy based on carbon iso-
topes has allowed precise correlation with biostratigraphically and astronomically calibrated western
European standards (Hesselbo & Pieńkowski 2011; Pieńkowski et al. 2012).
A compilation of published and unpublished (524 wells and 67 outcrops) documentation of Lower
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Jurassic biofaunal information was summarized in a georeferenced database, which includes the
calibration of biofaunal and lithological information to the NW European standard ammonite zones
and subzones. Data included 28 ammonite recordings from Denmark, 1903 from Germany, five from
The Netherlands, 29 from Poland, 45 from Sweden and 37 from the UK. In total, 2,047 ammonite
recordings, 2,965 foraminifera, 1,517 ostracods and 137 echinoderms were collected from the literature
and archival materials. A new taxonomic determination has not been made. The dataset was sub-
sequently reviewed following the work of Schlegelmilch (1992) and synonyms were corrected. The
updated database was grouped in stratigraphic index fauna (ammonites and ostracods). Abundance,
spatial distribution and position of index fauna were displayed for each Lower Jurassic ammonite
zone. These index fauna were used to calibrate biofacies data of 220 cored and logged wells to NW
European ammonite standard zones. Once all faunal recordings were calibrated to the specific am-
monite chronozone or subchronozone, they were subdivided into four groups, defined as ‘biofacies’:
(I) open marine/offshore (polyhaline); (II) marine–brackish (upper mesohaline); (III) brackish (lower
mesohaline–upper oligohaline); and (IV) continental (low oligohaline–freshwater). Distinguishing in-
termediate groups is always approximate: that is, in the sediments deposited in near-coastal lagoons,
the recognition of unequivocally freshwater faunas is almost impossible (Hudson et al. 1995). Here
the group definitions are explained:
I Open marine/offshore environments are characterized by stenohaline/polyhaline salinities, and
indicated by shaly lithologies yielding cephalopods, echinoderms, marine ostracods, and/or
foraminifera and marine phytoplankton, associated with type II marine kerogen. These biofacies
occurred mainly in offshore depositional environments.
II Marine–brackish (polyhaline–mesohaline) biofacies indicated by sandy to silty lithologies with
ostracods, foraminifera, marine molluscs or phytoplankton. Noticeably there are no ammonites,
belemnites or echinoderms present. However, the absence of calcium carbonate shells may be
also related to their low preservation potential in acidic waters, particularly in the eastern part of
CEB which is especially devoid of calcium carbonate (Polish Basin). Marine–brackish biofacies
comprise mainly transitional shoreface to offshore depositional environments and prodelta to
delta front deposits. Commonly, marine influences are indicated by phytoplankton, such as
acritarchs and dinoflagellate cysts (Pieńkowski 2004; Pieńkowski & Waksmundzka 2009), and
in places by the dominance of marine kerogen type II, in the Polish Basin often mixed with
continental kerogen type III.
III Brackish–aquatic (mesohaline–oligohaline) biofacies indicated by sandy to silty lithologies with
low-diversity marine phytoplankton and brackish bivalves, and dominantly terrestrial spores and
pollen of lowland character, associated with continental kerogen type III. Neither ammonites
nor belemnites, echinoderms, ostracods and foraminifera (except for few agglutinated forms)
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are present. This biofacies characterizes lower deltaic plain, lagoons, sandy barriers, delta front
bars and lower distributary channel depositional environments.
IV Continental biofacies associated with freshwater low salinities are indicated by sandy to silty
lithologies with a dominance of purely terrestrial spores and pollens, xanthophyte alga Botryo-
coccus, and conchostracans, and comprise upper deltaic to fluvial plain/lacustrine depositional
environments.
The shoreline is inferred to be approximately in the vicinity between brackish to freshwater/continental
biofacies (Zimmermann et al. 2015). Shifts of shorelines were identified from differences in dis-
tances/ranges (intensities) and time (frequencies). Shoreline shifts of high intensities and low fre-
quencies comprise distances of more than 500 km and occurred within periods of more than 10 myr.
Less pronounced shifts of shorelines show lower intensities and higher frequencies, and comprise dis-
tances of up to 500 km within periods of 1 (sometimes even less) to 6 myr. Consequently, the long-term
shifts are considered to be second-order T–R sequences, and the short-term shifts to be third-order
T–R sequences. Yet, shorter, fourth-order cycles (within periods of some 10 kyr), were distinguished
in the Lower Toarcian section in the Polish Basin (Pieńkowski 2004; Hesselbo & Pieńkowski 2011;
Pieńkowski et al. 2016). The significance of these cycles (parasequences) has been previously tested
and confirmed by chemostratigraphical methods using carbon isotope excursions for correlation
(Hesselbo & Pieńkowski 2011). This allowed confident comparison with biostratigraphical standards
in the UK, where similar carbon isotope cycles were distinguished, but also on a global astrochronolo-
gical scale. Current calibration of the orbital Milankovitch cyclicity (Boulila et al. 2014) points that the
parasequences distinguished in the Polish Basin corresponds approximately with the obliquity cycles
(0.03–0.034 myr) although Hesselbo & Pieńkowski (2011) interpreted them as corresponding to short
(100 kyr) eccentricity forcing.
Additional to the biofacies-based inferred shoreline shifts, the stratal pattern architectures of more
than 250 wells and well logs were analysed. These wells were biostratigraphically constrained to
ammonite zones (if possible, to subzones) and interpreted in terms of depositional environments
(Fig. 5.3a). West–east-trending transects connect basinal-marine with marginal-marine and contin-
ental sections, and show repeating progradational (regressive) or retrogradational (transgressive)
stratal pattern architectures. Biostratigraphic control of the repeated progradational and retrograda-
tional stratal-pattern architecture of sandstones enabled a calibration to well-dated shaly to sandy
successions from the basin centre to be made. The combination of biofacies-inferred shoreline shifts
(‘time constrained’) and progradational and retrogradational stratal pattern architecture (‘sediment
constrained’) result in the identification of sequence stratigraphic bounding surfaces (maximum
regressive surface (mrs) and maximum transgressive/flooding surface (mfs)). Maximum retreat of
marine biofacies is accompanied by maximum progradation of marginal facies (including the coarsest
grain fractions) and marked by the mrs, which corresponds to the sequence boundary (Mitchum et al.
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1977; Posamentier et al. 1988). Accordingly, the maximum advance of marine biofacies is accompanied
by the maximum extension of marine shales (often enriched in organic matter) and comprises the
mfs (Galloway 1989). The chronostratigraphic position of the mfs determines the nomenclature of
the specific sequence. Although sequences are, by definition, unconformity-bound units, the units
recognized in this study are essentially T–R cycles (Embry 1993), and unconformities are recorded only
to a limited extent, particularly in more distal, basinal settings (Hallam 2001). Both surfaces (mfs and
mrs) are also noticeable in petrophysical log responses (gamma-ray values, spontaneous potential);
hence, the T–R sequence model of Curray (1964) and Embry (1993) was applied. A hierarchical division
of eustatically controlled sealevel cycles proposed by Vail et al. (1977), where second-order cycles lasted
for 10 ± 80 myr and third-order cycles for 1 ± 10 myr, was adopted. The long-term second-order cycles
(in the Boreal realm) were characterized by Zimmermann et al. (2015) and, therefore, the main focus
of this paper is the correlation of third-order sequences.
5.5 Results
5.5.1 Biostratigraphy and biofacies
Transgression in the Planorbis Chronozone (Planorbis Subchronozone)
The flooding of the CEB started as early as the Late Triassic Rhaetian (Fischer et al. 2012; Barth et al.
2018) and continued diachronously eastwards (Barth et al. 2018). The maximum flooding is inferred by
the maximum eastwards extension and abundance of ammonites of the Early Hettangian Planorbis
Subchronozone of the Planorbis Chronozone (74 recordings of Planorbis Chronozone ammonites:
Fig. 5.5a). Psiloceras psilonotum, Psiloceras planorbis, Neophyllites antecedens were documented for the
western and central NGB (Hoffmann 1962; Brand & Hoffmann 1963; Sorgenfrei & Buch 1964; Barth
et al. 2018). The documentation of Psiloceras psilonotum and Psiloceras plicatulum in the Moseberg
section (Barth et al. 2018) is an indicator of the open southern marine gate via Thuringia. The
transgression reached the northern basin margin as far as northern onshore Denmark (e.g. Psiloceras
planorbis; well Rødby-1: Sorgenfrei & Buch 1964. Lindström et al. (2017) reported also Psiloceras cf.
tilmanni and ?Nevadaphyllites sp. from this well, and dated the corresponding horizon to the Tilmanni
Chronozone. However, these determinations seem to be disputable considering the poor preservation
state of the specimens (Lindström et al. 2017, Fig. 8). Moreover, only one specimen figured shows a
minute part of the suture line, while innermost whorls may well represent other early psiloceratid
Figure 5.3 (facing page): Detailed log section of the cored Kb Barth 10/65 well in NE Germany. (a) Stratigraphic
column representing chronostratigraphic stages and substages, NW European ammonite zones plus German
(G) and Polish (P) lithostratigraphy. P-F, Posidonienschiefer Formation; GR, gamma ray, SP, spontaneous
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Figure 5.4: Legend to Fig. 5.3.
ammonites. Towards the east, stable marine biofacies terminated in a roughly north–south-trending
area around western Mecklenburg-Vorpommern, Brandenburg and Pomerania, as indicated by
the occurrence of marine molluscs, foraminifera and marine plankton in the Wernsdorf 2/63 wells
(Barth et al. 2018). Open-marine conditions terminated westwards of the Lausitz area, where Göthel
(1999) described Pachypteris papillosa, a mangrove plant, from the clayey/silty deposits of lowermost
Hettangian strata from the Seese-Ost 5217/87 well, which is herein interpreted as indicative for
brackish–aquatic environments. However, exact biostratigraphic calibration is limited. In central
Poland, the occurrence of marine kerogen type II in the Kaszewy 1 borehole (associated with the First
Appearance Datum of Cerebropollenites thiergartii) and brackish marine bivalves Cardinia ingelensis in
the nearby Rycerzew borehole (Karaszewski & Kopik 1970) point to the wide extension of a narrow
embayment along the Mid-Polish Trough and mark the eastwards extension of the maximum flooding
in the Planorbis Subchronozone, most probably in the Psilonotum biohorizon (Barth et al. 2018). In a
relatively short time, still in the Planorbis Chronozone, a brackish–marine transgression reached the
Holy Cross Mountains area (Fig. 5.5a).
Regression in the Late Planorbis Chronozone (Johnstoni Subchronozone)
Marine environments retreated in the Late Planorbis Chronozone, most probably in the Late Johnstoni
Subchronozone as evidenced by a decline in the abundance of ammonites (18 ammonite recordings
of the Johnstoni Subchronozone: Barth et al. 2018). Furthermore, Lower Hettangian sandstones
are recorded in several outcrops across the basin (e.g. Sehnde, Kammerbruch and Moseberg in the
German part of the CEB; Kvistovta in southern Sweden; and the Zawada ZA-9 and Gliniany Las 2
boreholes in the Holy Cross Mountains region of Poland: e.g. Schumacher & Sonntag 1964; Pieńkowski
1991c, 2004; Barth et al. 2018). The regression can be recorded in more marginal parts of the basin
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(top of the Id or Ie parasequence: Pieńkowski 2004). Biofacies reconstructions were not performed.
Assuming the regression took place in the Johnstoni Subchronozone, the exact date would correspond
to about 201 Ma (Gradstein et al. 2012).
Transgression in the Liasicus Chronozone (Portlocki–Laqueus Subchronozone)
A marine transgression then advanced from the west and from the south, as indicated by abundant
Liasicus index ammonites in western Lower Saxony (Alsatites laqueolus at the Klotzberg outcrop (Jüngst
1928), Saxoceras sp. in the Adorf 2 well (Boigk et al. 1960), Langelsheim outcrop (Heunisch et al. 2010)
and in the Schneflingen 4 well (core report)) and Thuringia (Alsatites laqueolus at the Moseberg outcrop:
Barth et al. 2018) (Fig. 5.5b). The marine (polyhaline) biofacies culminated with a maximum flooding
in the Liasicus Chronozone (43 ammonite recordings of the Liasicus Chronozone, and 32 ammonite
recordings of the Portlocki and Laqueus subchronozones) and terminated in the area of western
Mecklenburg-Vorpommern, as indicated by Saxoceras (Waehneroceras) crassicosta in the abandoned clay-
pit Wefensleben (Ermlich 1993) and several occurrences of echinoderm fragments in the Königsberg
7/71 and Zollchow 1/71 wells (core reports). Marine–brackish (mesohaline) environments advanced
further eastwards, towards western Pomerania, as indicated by foraminifera fauna and phytoplankton
in the Kamień Pomorski IG1 well (Pieńkowski 2004), to the south (Gorzów Wielkopolski IG1) and to the
SE as evidenced by the occurrence of marine kerogen type II in central Poland (Kaszewy 1 borehole) and
numerous brackish–marine bivalves Homomya cf. venulithus (well Zawada PA-3), some agglutinated
foraminifera fauna and dinoflagellate cysts Dapcodinium priscum in the Holy Cross Mountains area
(Pieńkowski 2004). These deposits represent a maximum transgressive peak within the Skłoby
Formation (Pieńkowski 2004). The Wielkopolska Ridge was covered with siliciclastic deposits probably
of continental origin; on the flank of the ridge (Pobiedziska IGH1 borehole) continental or marginal-
marine deposits were recorded (Fig. 5.5b) (Dadlez & Franczyk 1976; Pieńkowski 2004). Assuming the
maximum transgression culminated in the Portlocki–Laqueus Subchronozone, the exact date would
correspond to about 200.5 Ma (Gradstein et al. 2012) and the shoreline advanced for about 500 km
(from Kamień Pomorski to the Holy Cross Mountains area).
Regression in the Angulata Chronozone (Complanata–Depressa Subchronozone)
Marine biofacies in the Late Hettangian Angulata Chronozone (Complanata–Depressa Subchro-
nozone) show a strong retreat towards the south and SW of associated marine environments, as
indicated by the lack of ammonite recordings of the Complanata–Depressa Subchronozone (71 am-
monite recordings of the Angulata Chronozone: Fig. 5.5c) in the central and eastern part of the
CEB. Schlotheimia complanata was documented by Brand & Hoffmann (1963) in the Weser-Ems area.
Although Schlotheimia angulata and S. angulosa are widespread and abundant in the CEB, index ammon-
ites of the Complanata–Depressa Subchronozone are very rare and limit the marine biofacies to the
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basin centre; consequently, maximum regression is most likely to have occurred in the Complanata–
Depressa Subchronozone. Marine–brackish biofaunal environments shifted contemporaneously
towards the south and SW, and only rare occurrence of ostracods (Haeldia aspinata) indicate marine–
brackish environments. Marine phytoplankton in cored well KSS 5/66 (Barth et al. 2018) indicates
brackish environments. Further to the SE, in the Holy Cross Mountains area, lagoonal claystones and
mudstones (containing siderite bands) developed (the Przysucha Ore-bearing Formation). Lagoons
were shallow, which is evidenced by rootlet horizons (Pieńkowski 2004). On the other hand, barrier–
lagoon facies still contain brackish fauna, including Cardiniidae (bivalvia) and marine plankton.
Assuming the regression took place in the Complanata–Depressa Subchronozone, the exact dating
would correspond to about 199.5 Ma (Gradstein et al. 2012) and the marine basin retreated for about
300 km (from Kamień Pomorski to KSS 5).
Transgression in the Semicostatum Chronozone (Lyra–Resupinatum Subchronozone)
Following the maximum regression in the Late Hettangian Angulata Chronozone, a short-term in-
gression with the maximum flooding in the early Bucklandi Chronozone was documented in certain
sections in the NGB (Fig. 5.3; Barth et al. 2018. This mfs was followed by a regression in the Buck-
landi Chronozone with the maximum regression in the Late Bucklandi Chronozone (Fig. 5.3; Barth
et al. 2018. However, as this sequence is hardly recognizable in the NGB and absent in the Polish
Basin, it is not further described in this paper. Open-marine environments advanced towards the
east in the Semicostatum Chronozone from the south, as indicated by Arnioceras oppeli, A. semicost-
atum, and Euagassiceras resupinatum in Thuringia (Ernst 1986), and from the west, as indicated by
Paracaloceras gmuendense, Agassiceras scipionanum and Euagassiceras resupinatum in the Ems-Weser
area (Brand & Hoffmann 1963) and in western Lower Saxony (A. semicostatum: Boigk et al. 1960) (83
ammonite recordings of the Semicostatum Chronozone: Fig. 5.5d). Marine environments reached
the northern margins of the CEB as far as western Skåne, as indicated by Agassiceras scipionanum,
Cymbites striaries and Euagassiceras resupinatum in the Oregården and Döshult quarries (Reyment
1959). The ammonite occurrence of Arnioceras sp. in central North Mecklenburg-Vorpommern in the
Rostock 17/65 well (Lehmkuhl 1968; Haupt 1967 in Rusbült 1990) indicates the easternmost extension of
marine (polyhaline) environments. Consequently, maximum flooding occurred in the Semicostatum
Chronozone. Marine–brackish (mesohaline) environments extended further to the cored Barth 10/65
well, where more diversified ichnofauna appears (Fig. 5.3a), and towards the east as evidenced by
marine phytoplankton in the cored Gartz 1/65 well (Barth et al. 2018). A brackish–marine transgres-
sion advanced far to the SE, along the Mid-Polish Trough, reaching the Holy Cross Mountains area,
where brackish–marine bivalves and marine phytoplankton were recorded (Pieńkowski 2004). A
brackish–marine embayment also extended to the Gorzów Wielkopolski (the presence of marine
phytoplankton). Assuming the transgression took place in the Semicostatum Subchronozone, the
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exact date would correspond to about 197 Ma (Gradstein et al. 2012) and the brackish basin advanced
for about 500 km (from Kamień Pomorski to the Holy Cross Mountains area).
Regression in the Turneri Chronozone (Birchi Subchronozone)
A regression in the Turneri Chronozone is indicated as marine conditions prevailed only in the
western Ems-Weser area, where Brand & Hoffmann (1963) reported Microderoceras birchi, Promicroceras
capricornoides (nine ammonite recordings of the Turneri Chronozone, Fig. 5.6a) and Microderoceras
birchi. In addition, Promicroceras capricornoides was documented in western Germany (Schubert 2005).
In Thuringia, Ernst (1986) reported Asteroceras brocki and Microderoceras birchi, illustrating that the
southern marine gate was still active. Hence, ammonite dispersal in the Turneri Chronozone suggests
a significant retreat of marine environments towards the basin centre. However, a report of the
ammonite Microderoceras sp. (cf. birchi) (Bölau 1959) in western Skåne could suggest persistent marine
conditions up to the northern basin margins. However, in the light of a basinwide ammonite retreat,
a re-evaluation of the assignment of this poorly documented ammonite is needed. Marine–brackish
environments retreated from the east towards western Mecklenburg-Vorpommern, as indicated
by the occurrence of the ostracods Procytheridea triebeli, P. betzi, P. laqueata, P. glabellata, and the
foraminifera Dentalina terquemi, D. matutina, D. varians and D. primaeva reported from the Groß Welzin
101/61 well (core report). Brackish environments must have retreated in the same way, although there
is little supporting data. Continental environments prevailed throughout the entire Polish Basin.
The Wielkopolska Ridge emerged again as evidenced by partial erosion and the removal of older
Jurassic deposits to the flanks of the ridge. Assuming the regression took place around the Birchi
Subchronozone, the exact date would correspond to about 196 Ma (Gradstein et al. 2012) and the
shoreline retreated for about 300–400 km (from Gorzów Wielkopolski to KSS).
Transgression in the Obtusum–Oxynotum Chronozone (Denotatus–Simpsoni Subchronozone)
Marine environments expanded widely in the CEB during the Obtusum–Oxynotum Chronozone (93
ammonite recordings of the Obtusum and Oxynotum chronozones: Fig. 5.6b). Flooding occurred
from the south via Thuringia as evidenced by the presence of ammonites such as Asteroceras obtusum
and Promicroceras planicosta in the Großer Seeberg area (Ernst 1986), and from the west as evidenced
by abundant ammonite records from the western part of the NGB (Schneflingen 2 well core report:
Schubert 2005. This event culminated in maximum flooding in the Obtusum–Oxynotum Chronozone.
Towards the north, marine environments advanced as far as the northern basin margins as evidenced
by ammonite records of Aegoceras planicosta in onshore Denmark (Vinding 1 well: see Sorgenfrei
& Buch 1964) and Arnioceras falcaries in the Pankarp-Strovelstorp well in the area of Skåne (Bölau
1959). Towards the east, marine environments are evidenced by ammonite recordings of Asteroceras














































































































































































































































































5 Palaeogeographical evolution of the Lower Jurassic in the Central European Basin
recorded from Swinhöft/Międzyzdroje (database entry from the Federal Institute for Geosciences and
Natural Resources (BGR)), while the endemic Sinemurian bivalve Tancredia erdmanni occurs further
to the SE, in the Mechowo IG-1 borehole (Kopik 1964; Pieńkowski 2004), marking the easternmost
extension of stable stenohaline marine environments. Marine–brackish (mesohaline) environments
advanced further to the SE as evidenced by the appearance of marine kerogen type II in central Poland
(Kaszewy 1) and the presence of marine phytoplankton and brackish–marine bivalves in the Holy Cross
Mountains area (Pieńkowski 2004). The Wielkopolska Ridge was drowned (Pobiedziska borehole)
with marginal-marine sediments being recorded on the flanks (Pieńkowski 2004). Assuming the
transgression took place around the boundary of the Obtusum–Oxynotum Chronozone, the exact
date would correspond to about 194 Ma (Gradstein et al. 2012) and the fully marine shoreline advanced
for about 800 km (from KSS 5 to Kaszewy).
Regression in the Raricostatum Chronozone (Densinodulum–Aplanatum Subchronozone)
Marine environments retreated in the Raricostatum Chronozone and prevailed in the basin centre and
the southern areas of Germany (61 ammonite recordings of the Raricostatum Chronozone: Fig. 5.6c).
The southern gate via Thuringia remained under stenohaline marine conditions, as indicated by the
presence of Echioceras raricostatum ammonites in Großer Seeberg (Ernst 1986). The western gate is also
considered as still stenohaline marine, as indicated by abundant ammonite recordings of Echioceras
raricostatum in western Lower Saxony (Brand & Hoffmann 1963; Fischer et al. 1986). The retreat of
marine environments was governed by a strong retreat of marine–brackish and brackish–aquatic
environments from the north towards the south. In the east, after relatively widespread nearshore
to brackish–marine sedimentation during most of the Raricostatum age, brackish environments
retreated in the latest Raricostatum time from the Polish Basin towards the Pomerania area, and
this is indicated by marine phytoplankton only in the Kamień Pomorski IG1 well (Pieńkowski 2004).
The Polish Basin was otherwise characterized by continental environments, as numerous levels with
rootlets/palaeosols occur and no indications for any marine influence were recorded (Pieńkowski
2004). As such, the Wielkopolska Ridge was probably emerged.
Assuming the regression took place around the Densinodulum–Aplanatum Subchronozone, the
exact dating would correspond to about 191.8 Ma (Gradstein et al. 2012) and the shoreline retreated
for about 600 km (from the Holy Cross Mountains area to Neubrandenburg).
Transgression in the Jamesoni–Ibex Chronozone (Polymorphus, Brevispina, Jamesoni, Masseanum,
Valdani and Luridum subchronozones)
Marine environments expanded in the Jamesoni–Ibex Chronozone throughout the entire CEB (339
ammonite recordings of the Jamesoni and Ibex chronozones: Fig. 5.6d). Abundant ammonite re-
cordings in the western CEB, as well as in Thuringia and southern Lower Saxony, prove full marine
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flooding from the west and the south. Marine environments advanced towards the north up to the
northern basin margins as evidenced by Uptonia jamesoni ammonite recording from, for example,
Kurremölla in the Skåne area (Reyment 1959), and Beaniceras centaurus plus Phricodoceras taylori from
Bornholm (Donovan & Surlyk 2003). Towards the east, stenohaline environments are indicated by
Platypleuroceras aureum, Liparoceras sp., Tropidoceras sp., Peripleuroceras sp., Tragophylloceras sp., Proto-
grammoceras sp. and Beaniceras sp. (cf. senile) in the Kamień Pomorski IG1 well (Dadlez 1972; Dadlez &
Kopik 1972), and Polymorphites sp. juv. plus Acanthopleuroceras maugenesti in the Mechowo IG-1 well
(Dadlez 1972). The most diversified ammonite fauna occurred in the Ibex Zone (Valdani Subzone).
It is not clear if stenohaline conditions reached central Poland, where marine kerogen (type II) was
found in Lower Pliensbachian shales in the Kaszewy 1 borehole. However, the occurrence of Cardinia
phillea d’Orbigny in the Parkoszowice 58BN borehole (Kopik 1998; Pieńkowski 2004), along with
foraminifera and marine phytoplankton, tends to support that polyhaline–mesohaline conditions
occurred across the whole of central Poland. Marginal-marine sedimentation extended over the
Wielkopolska Ridge (Dadlez & Franczyk 1976), proven by the occurrence of marine–brackish marine
deposits in the Pobiedziska IGH1 borehole (Pieńkowski 2004), and to the NE reaching the Mazury
region and Lithuania (Šimkevičius 1998; Pieńkowski 2004). Although ammonites were recorded
abundantly in the CEB, the exact timing of the maximum flooding cannot be given precisely; hence,
biofacies reconstruction comprises both Jamesoni and Ibex index ammonites. Moreover, in the
German and Danish part of the CEB, basinal polyhaline to marine conditions persisted during the
Davoei Chronozone (Fig. 5.6d). Finds of diversified bivalves in the SE of the basin, in the Holy Cross
Mountains area (Pleuromya forchhammeri Lund, Nuculana (Dactryomya) zieteni Brauns and Pronoella cf.
elongata Cox: Kopik 1962, 1964; Pieńkowski 2004) in strata correlated with the Davoei Zone, suggest
that marine to brackish–marine conditions also persisted in the Mid-Polish Trough.
Assuming maximum flooding took place around the boundary of the Jamesoni–Ibex Chronozone,
the exact dating would correspond to about 189.4 Ma (Gradstein et al. 2012) and the shoreline advanced
for about 800 km (from Neubrandenburg area to the Holy Cross Mountains area).
Regression in the Margaritatus Chronozone (Stokesi Subchronozone)
At the beginning of the Late Pliensbachian, marine environments retreated slightly in the earliest
Margaritatus Chronozone (39 ammonite recordings of the Stokesi Subchronozone: Fig. 5.7a), although
only in the northern and the eastern parts of the CEB. In several unpublished well reports in NE
Germany, the Margaritatus Chronozone is described as fully marine as evidenced by the recording
of all Margaritatus Subchronozone index ammonites: for example, Amaltheus laevis in Leversen 1
(core report) and Regina 2 (core report), and Amaltheus depressus in Scholen 1 (core report) and Wisloh
1 (core report), Amaltheus margaritatus in the Dobbertin outcrop (Ernst 1992), Amaltheus stokesi in
cored well KSS 5/66 (Lehmkuhl 1968), Amaltheus subnodosus in cored well Wolgast 1/65 (Lehmkuhl 1968)
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and Amaltheus gibbosus in cored well Wolgast 1/65 (Pschenitzka 1967). The northernmost recording
of Amaltheus margaritatus in the Danish well Gassum 1 (Sorgenfrei & Buch 1964) indicates marine
environments in the northern part during the Margaritatus Chronozone. Nielsen (2003) indicated
the erosional surface and sequence boundary (SB-14) at the base of the Margaritatus Chronozone,
both in the Danish Basin and in the Fennoscandian Border Zone. Also in Poland, the lower part of the
Upper Pliensbachian is associated with a strong regional erosion and ensuing fluvial sedimentation
(Pieńkowski 2004). However, the strong regressive period in Poland was followed by an equally
strong and widespread marine transgression. In the sediments correlated with the upper parts of
the Margaritatus Zone (most probably Subnodosus Subzone), ammonites have been identified in
Pomerania Amaltheus (?Proamaltheus) cf. wertheri Lange (Kopik & Marcinkiewicz 1997) and in central
Poland Tragophylloceras cf. loscombi (Sowerby) (Pieńkowski 2014). Marine–brackish environments are
inferred from foraminifera and marine phytoplankton recorded in the Kamień Pomorski IG1 well
(Pieńkowski 2004), indicating the westwards retreat of marine biofacies. Interestingly, the German
part of the CEB was weakly affected by the retreat of marine biofacies in the early Margaritatus
Chronozone (Fig. 5.7). Assuming the regression took place in the Stokesi Subchronozone, the exact
dating would correspond to about 187 Ma (Gradstein et al. 2012) and the shoreline retreated in the
early Margaritatus Chronozone for about 500 km (from the Holy Cross Mountains area to Kamień
Pomorski).
Transgression in the Spinatum Chronozone (Apyrenum Subchronozone)
The advance of marine environments was recorded for the Apyrenum Subchronozone (56 ammonite
recordings of the Apyrenum Subchronozone: Fig. 5.7b). Marine environments expanded mainly
northwards as indicated by the identification of the ammonite Pleuroceras spinatum in central onshore
Denmark (Gassum-1: see Sorgenfrei & Buch 1964) and western Schonen (Vilhelmsfält; Onychoceras
laeve and Pleuroceras spinatum: Bölau 1959). In the eastern part of the CEB, the advance of marine
environments is documented by the presence of ammonite fauna Pleuroceras quadratus, Pl. solare and
Amaltheus laevigatus in northwesternmost Pomerania in well Wolin IG-1 (Kopik 1975). Pomerania
and the SE part of Brandenburg were characterized by brackish–marine environments. Marine
phytoplankton was recorded in the Kamień Pomorski IG1 and Gorzów Wielkopolski IG1 wells (Pień-
kowski 2004). It is possible that the Apyrenum transgression affected southern Poland (Pieńkowski
2004; Gedl 2007) (Fig. 5.7b). Salt movements occurred in central Poland (the Kaszewy 1 borehole),
where strata assigned to that age are strongly syndepositionally reduced and represented by a thin
(8 m-thick) interval containing fluvial/deltaic facies (Pieńkowski 2014). The Wielkopolska Ridge was
likely to have been elevated at that time due to the same tectonic/salt movements. Assuming the
transgression took place around the Subnodosus–Apyrenum Subchronozone, the exact dating would






















































































































































































































































































































5 Palaeogeographical evolution of the Lower Jurassic in the Central European Basin
(from Wolin to Gorzów Wielkopolski).
Regression in the Spinatum Chronozone (latest Hawskerense Subchronozone)
Marine environments retreated in the latest Spinatum Chronozone, most probably in the latest Haws-
kerense Subchronozone, as indicated by a lack of ammonite occurrences in the northwesternmost
part of the Polish Basin (61 ammonite recordings of the Hawskerense Subchronozone: Fig. 5.7c).
Marine–brackish environments established in the easternmost parts of Mecklenburg-Vorpommern
are indicated by foraminifera genera occurrences in the Baltic well K-5 (Lenticulina (Astacolus) and sp.,
Marginulina prima (core report)) and in East Brandenburg (e.g. Ammodiscus incertus, Marginulina prima
and Eoguttulina liassica (core report of well Brohm 3/66)). In cored wells KSS 5/66 and Barth 10/65,
glendonites (calcite pseudomorphs after ikaite) were recorded (Fig. 5.3a) and constrained to the upper
Spinatum Chronozone by ammonite recordings, indicating cooling in a shallow-marine environment.
Brackish–aquatic biofacies were documented in the NW part of the Polish Basin, approximately
reaching a limit marked by a line linking the Kamień Pomorski and Gorzów Wielkopolski boreholes;
the rest of the Polish Basin was characterized by continental sedimentation with coal-bearing deposits
(Pieńkowski 2004; Hesselbo & Pieńkowski 2011; Pieńkowski et al. 2016) (Fig. 5.7c). Assuming the
regression took place in the latest Hawskerense Subchronozone, the exact dating would correspond
to about 183 Ma (Gradstein et al. 2012) and the shoreline retreated for about 100 km to the west (from
Gorzów to eastern Mecklenburg-Vorpommern).
Transgression in the Tenuicostatum–Serpentinum Chronozone
Marine environments became widespread in the CEB and advanced far towards the northern basin
margins as evidenced by ammonite records of Dactylioceras cf. semicelatum and Dactylioceras cf. tenu-
icostatum in western Skåne (Reyment 1959; Hoffmann & Martin 1960) (86 ammonite recordings of
the Tenuicostatum and Serpentinum chronozones) (Fig. 5.7d). Brackish–marine environments ad-
vanced to the NE as evidenced by marine trace fossils in Bornholm (Koppelhus & Nielsen 1994). In NE
Germany, marine environments advanced towards the NE, and abundant Lower Toarcian index am-
monites (Lobolytoceras siemensi, Dactylioceras semicelatum and Eleganticeras pseudoelegans) were recorded
by Ernst (1992) in the southern Usedom area. At that time, marine and brackish–marine conditions
advanced widely across the Polish Basin, making this transgression the most widespread event in the
Early Jurassic, although salinity was generally lower than that recorded in the Mid-Polish Trough in
Early Pliensbachian times. Lowered salinity during the Early Toarcian in the Polish Basin is attributed
to a more pronounced hydraulic cycle and runoff (Pieńkowski 2004; Hesselbo & Pieńkowski 2011;
Pieńkowski et al. 2016). Diversified foraminifera assemblages, dinoflagellate cysts and marine bi-
valve Meleagrinella substriata (Münster) are reported from Pomerania, pointing to marine (polyhaline)
to marine–brackish conditions; while further to the SE (Silesia) and NE (Mazury region), marine
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phytoplankton points to likely mesohaline conditions over large areas of the Polish Basin (Barski &
Leonowicz 2002; Pieńkowski 2004). Numerous finds of marine phytoplankton in the southernmost
occurrences of the Lower Toarcian Ciechocinek Formation, in the Silesian-Cracow Upland, suggest an
intermittent connection with the Tethys Ocean in the southern part of the Polish Basin (Pieńkowski
2004). Transgression took place around the Pliensbachian–Toarcian boundary at approximately
183 Ma (Gradstein et al. 2012; Sell et al. 2014). The mfs occurred between the Tenuicostatum and
Serpentinum chronozones, at about 182–183 Ma (Gradstein et al. 2012; Sell et al. 2014). The shoreline
advanced for about 600 km in 0.5–1 Ma from westernmost Pomerania to the western part of the Holy
Cross Mountains area.
5.5.2 Sequence stratigraphy
The general Mesozoic sea-level curve (first order) shows rather high amplitudes and very low frequen-
cies, was interpreted from independent proxies (e.g. seafloor spreading), and is mainly based on
sequence stratigraphic methods (van der Meer et al. 2017). Second-order sequences are characterized
by a high amplitude and a low frequency of shoreline shift, and are described for the NGB by Zimmer-
mann et al. (2015). This paper focuses on the description of the high-amplitude and high-frequency
third-order sequences.
Third-order sequence He1 (Upper Rhaetian–Planorbis Chronozone)
Following the prominent end-Triassic regression that culminated, in the NGB, with the formation of
a large fluvial-dominated deltaic system (Barth et al. 2018), increasing marinity and retrogradational
stacking patterns were recognized in the NGB in the Triassic–Jurassic transition (Deltoidosporites-
Concavisporites Zone: Barth et al. 2018), representing the transgressive phase of the sequence He1. The
transgression culminated in the widespread flooding of the CEB in the Early Planorbis Subchronozone.
Maximum flooding (mfs He1) occurred in the Planorbis Subchronozone (Psilonotum–Plicatulum
Biohorizon: Barth et al. 2018), and resulted in the deposition of dark clays with ammonites and
molluscs in the western part of the NGB. Towards the east, these clays thin out but can be still be found
in a relatively narrow embayment along the Mid-Polish Trough, reaching central Poland (Kaszewy
1 borehole) where marine kerogen type II occurs (Fig. 5.5a). Following the mfs He1, progradational
stratal architectures of mostly deltaic sandstones are governed by shrinkage of the marine basin. This
regressive phase culminated in the formation of deltaic systems in the central to eastern part of the
NGB (Figs 5.5 and 5.8). A progradation of coastal–deltaic sandstones in the Johnstoni Subchronozone
was recognized in outcrops near Sehnde (Lower Saxony) and near Kammerbruch (Thuringia), and is
interpreted as the result of a regressive shoreline (Barth et al. 2018). This progradational event can be
observed in the Mid-Polish Trough (parasequences Id and Ie: see Pieńkowski 2004).
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Third-order sequence He2 (Planorbis–Angulata Chronozone)
Following the mrs He1, retrogradational stratal patterns and sections with a marked transgressive
surfaces (Barth et al. 2018) are interpreted as the transgressive phase of the sequence He2. The
transgressive phase is less pronounced in the eastern part of the NGB but marine phytoplankton
in cored well KSS 5/55 were recognized in heterolithic deposits and are tentatively constrained to
the Middle Hettangian Liasicus Chronozone (Fig. 5.5b). The mfs He2 is located within dark clayey
to silty deposits, and is also recognizable by very high gamma-ray values in well logs (Fig. 5.8). In
western Mecklenburg-Vorpommern, Saxoceras (Waehneroceras) crassicosta (in the abandoned clay-pit
Wefensleben: Ermlich 1993) and several occurrences of echinoderm fragments in dark clayey deposits
(in the wells Königsberg 7/71 and Zollchow 1/71 (core reports)) represent deposits of the maximum
flooding and are most likely to comprise the maximum flooding surface. Pieńkowski (1991c, 2004)
documented a widespread flooding event associated with the sedimentation of bioturbated hetero-
liths that developed in a shallow siliciclastic shelf (offshore shoreface) environment in the Mid-Polish
Trough. This flooding event (identified with a maximum flooding surface) is correlated with the
Liasicus Chronozone and documented, for example, in the Mechowo IG-1 and the Gorzów Wielkopol-
ski IG-1 boreholes in Pomerania, in the Kaszewy 1 borehole in central Poland where an organic-rich
intercalation with marine kerogen type II was found, and, finally, in numerous boreholes in the
Holy Cross Mountains area with associated marine phytoplankton and foraminifera. A similar cyclic,
transgressive trend culminating in a mfs located between the lower and upper Helsingborg Member
was observed in Skåne (Pieńkowski 1991a,c). Following the maximum flooding, progradational stratal
architectures of mostly fluvial deltaic sandstones prograded from the east and NE towards the west
in the NGB (Fig. 5.3a). These sandstones were assigned to the Angulata and Bucklandi chronozones,
as overlying claystones in the area of eastern Mecklenburg-Vorpommern (well Lychen 2/59) yield
the ammonite Asaphoceras cf. apenninicum (Lehmkuhl 1968). Maximum progradation of these sand-
stones culminated in the western Prignitz area, with the mrs He 2 most likely assigned to the Late
Hettangian Angulata Chronozone. In Poland, progradation manifested in the development of shallow
lagoonal/deltaic facies with siderite bands (Przysucha Ore-bearing Formation), assigned to the Upper
Hettangian (Pieńkowski 2004). In Skåne, maximum progradation was correlated with the uppermost
Helsingborg Member, which can be assigned to the uppermost Hettangian (Pieńkowski 1991a,c).
Third-order sequence Sin1 (Angulata–Turneri Chronozone)
Following the mrs He2, a retrogradational stratal pattern architecture, accompanied with a fining in
grain size and increasing marinity, implies a deepening-upwards trend and represents a transgressive
phase (Fig. 5.8). In cored well Barth 10/65, the retrogradational part is further characterized by an
increasing marine bioturbation and culminates in dark-grey lenticular heteroliths with abundant
Arenicolites ichnofauna (Fig. 5.3a). Heteroliths with Arenicolites ichnofauna were interpreted as lower–
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upper shoreface deposits and comprise the mfs Sin1 in the Semicostatum Zone. Similar heterolithic,
bioturbated deposits occur on top of a retrogradational transgressive systems tract in the Mid-Polish
Trough (Pieńkowski 2004). Transgressive, marine claystones and mudstones (Döshult Member) in
Skåne, with ammonites belonging to the Semicostatum Chronozone (Reyment 1959), represent a
coeval counterpart of the transgressive deposits in the Polish and German Basin (Pieńkowski 1991a,c).
The mfs is biostratigraphically constrained in the western part of the NGB and is recognized basinwide
utilizing logged wells with high gamma-ray values of broad sections in the western part and spikes
in the eastern part. Following the mfs Sin1, progradational stratal architectures of deltaic to fluvial
environments are recognized moving progressively from the east to the NE towards the East Prignitz
in the NGB (Fig. 5.8). In the cored Barth 10/65 well, a subaerial unconformity was inferred from cross-
bedded conglomeratic sandstones laying on an erosional surface, containing abundant wood debris
and showing slight mottling. This section is overlain by a marine transgressive surface containing
Procytheridea reticulata (Obtusum Chronozone), which suggests that the underlying progradational
unit belongs to the Turneri Chronozone. In Poland, progradation occurred in the middle part of the
Ostrowiec Formation (upper section of a highstand systems tract in the Lower Sinemurian sequence
II), culminating in fluvial sandstones occurring throughout the entire Polish Basin. These fluvial
deposits constitute the basal section of the next sequence III (Pieńkowski 2004). The maximum
regression of the sequence Sin1 is inferred to be the Turneri Chronozone.
Third-order sequence Sin2 (Turneri–Raricostatum Chronozone)
Following the mrs Sin1, retrogradational stacking patterns with an increasing marine influence
characterize the transgressive phase of the sequence Sin2, and culminate in the basinwide deposition
of dark laminated clays and silts in the Upper Sinemurian (Figs 5.5 and 5.8). The ostracod taxa
Procytheridea reticulata, together with the mollusc taxa Chlamys cf. calva, occurred directly above
a marine transgressive surface in the cored well Barth 10/65 and enabled the assignment of the
transgressive phase to the Obtusum Chronozone. The maximum flooding surface mfs Sin2 is located
within laminated clays containing abundant ammonites belonging to the Obtusum and Oxynotum
(Fig. 5.6b). An ostracod assemblage with Kinkelinella multiforata, K. triebeli and K. reticulata occurred
in dark-grey, clayey to silty deposits in cored well KSS 5/66 (Zimmermann et al. 2015). In the area
of Rostock (NE Germany), unfossiliferous laminated red clays are fringed by grey, ammonite- and
belemnite-bearing laminated clays (Fig. 5.3a), and extend towards the Skåne area (Frandsen & Surlyk
2003). Following the maximum flooding, a progradational stratal architecture of mostly fluvial deltaic
sandstones results from the regressive phase in the Raricostatum Chronozone (Fig. 5.8). These
sandstones terminated in the southern Usedom to East Prignitz area. The mrs Sin2 is calibrated to
the Upper Sinemurian Raricostatum Chronozone (possibly also the Taylori Chronozone of earliest
Pliensbachian age), based on the overlying marine clays. These marine clays are widely distributed
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and are traceable towards the Pomerania area, enabling the basinwide calibration of the underlying
progradational unit to the Raricostatum Chronozone.
Third-order sequence Pli1 (Raricostatum–Margaritatus Chronozone)
Following the mrs Sin2, in the latest Raricostatum Chronozone, the marine transgressive surfaces of
the transgressive phase of sequence Pli1 with molluscs (cored wells JOmb 1/65 and Gartz 1/65) and
ooids (cored wells Saarow-Pieskow 2/60 and Wernsdorf 2/63) is followed by retrogradational stratal-
pattern architecture accompanied by an increasing abundance of marine macro- and microfauna.
Consequently, marine environments expanded over the basin margins, which led to the deposition
of widely distributed marine dark clays with abundant Lower Pliensbachian index fauna (e.g. the
‘Capriconu-Ton’ in Germany). These clays, mudstones and lenticular heteroliths extend far eastwards,
and are traceable towards Pomerania (Łobez Formation) and into central Poland, where dark-grey
marine claystones (with marine kerogen type II) were described in the Kaszewy borehole (Fig. 5.8).
The mfs Pli1 is located within this clayey/muddy succession and assigned to the Jamesoni–Ibex Chro-
nozone. Coeval to the open-marine shales of the Łobez Formation, the Gielniów Formation is built of
heterolithic/sandy deposits and represents more proximal offshore/shoreface/coastal environments.
Following the maximum flooding surface, progradational stratal architectures in western Poland
and the eastern NGB illustrate a shoreline retreat, starting from the Davoei Chronozone and culmin-
ating at the beginning of the Late Pliensbachian Margaritatus Chronozone. The spatial extent of
deltaic and fluvial deposits terminate in the eastern part of the NGB and grade westwards to silty
lithologies of distal delta front to lower shoreface environments. The progradation culminated with
maximum regression in the Stokesi Subchronozone, and is constrained by overlying clayey deposits
containing Subnodosus–Apyrenum Subchronozone index ammonites in cored well JOmb 1/65. The
mrs is also recognized in the Danish Basin (SB 14: see Nielsen 2003) and in other European sub-basins
(de Graciansky et al. 1998; Hesselbo & Jenkyns 1998; Pieńkowski 2004). In Poland, this regression
is associated with a sequence boundary marked by widespread fluvial sedimentation preceded by
pronounced erosion.
Third-order sequence Pli2 (Margaritatus–Spinatum Chronozone)
Following the mrs Pli1, subordinate retrogradational stratal-pattern architectures indicate the trans-
gressive phase of the sequence Pli2. The transgressive phase culminated in maximum flooding in the
Apyrenum Subchronozone of the Spinatum Chronozone with the deposition of 3.5 m of dark-grey
to grey laminated clays and silts in NE Germany containing Apyrenum Subchronozone ammonites
(cored well JOmb 1/65). These fine-grained deposits, although much thicker (c. 85 m), continue to
NW Poland (Wolin IG-1 borehole), where ammonites representing the Apyrenum Subchronozone
were found (Kopik 1975) (Fig. 5.8). Such significant regional changes in thicknesses, occurring in the
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Pliensbachian of Mecklenburg-Vorpommern to Pomerania, are explained by local tectonics. Pliensba-
chian transgressions were more marked, and deposited thicker (c. 265 m in the Wolin IG-1 borehole)
sequences of mudstones and sandstones in narrow, syndepositional tectonic graben – such as the
Wolin-Recław Zone (Dadlez 1969). The following regressive phase is characterized by progradational
stratal architectures of coarsening- and thickening upwards successions of approximately 60 m-thick
fluvio-deltaic sandstones in the Usedom and East Prignitz areas (Zimmermann et al. 2015). In the
cored well KSS 5/66 (Zimmermann et al. 2015) and Barth 10/65, numerous glendonites (calcite pseudo-
morphs after ikaite) occur in ammonite bearing laminated clays and silts, and are dated to the Upper
Pliensbachian Spinatum Chronozone, most probably the Hawskerense Subchronozone (Fig. 5.3a).
The observation of glendonites lends support to the possibility of a Late Pliensbachian cooling event
and polar glaciation at that time (Rogov & Zakharov 2010; Dera et al. 2011; Korte & Hesselbo 2011;
Ruhl et al. 2016; Bougeault et al. 2017), although Teichert & Luppold (2013) indicated other possible
causes for the origin of the glendonites.
Third-order sequence (Spinatum–Bifrons Chronozone) and fourth-order cycles in
Tenuicostatum–Serpentinum Chronozone
Following the maximum regression in the Late Spinatum Chronozone, the most profound envir-
onmental change in the Jurassic Period took place during the Early Toarcian Oceanic Anoxic Event
(T-OAE) (Jenkyns 1988). In this event, marine depositional settings across Europe show evidence
for widespread anoxia in the form of a coeval black shale. High seawater palaeotemperatures are
inferred from isotopic and elemental anomalies (Jenkyns et al. 2002; Cohen et al. 2007; McArthur
et al. 2008). A negative carbon-isotope excursion with an average δ13C amplitude of approximately
–7‰ (VPDB – Vienna Pee Dee Belemnite Standard), considered the largest such anomaly in the whole
Phanerozoic, has been described from marine and terrestrial materials (Jenkyns 1988; Hesselbo et
al. 2007). Uppermost Pliensbachian–Lower Toarcian strata are assigned to a single unconformity-
bounded depositional sequence (Pieńkowski 2004; Hesselbo & Pieńkowski 2011; Pieńkowski et al.
2016). The oldest deposits of the sequence, partly of latest Pliensbachian age resting on a regional
erosional surface (sequence boundary), comprise alluvial and deltaic sediments assigned to a number
of lithostratigraphic units of local significance. This sequence boundary represents the uppermost
of a set of three Upper Pliensbachian sequence boundaries, all marking significant sea-level falls.
These are attributed to recurrent Late Pliensbachian glaciations followed by rapid global warming
and a coeval transgression at the beginning of Toarcian (Price 1999; Rogov & Zakharov 2010; Suan
et al. 2010; Korte & Hesselbo 2011; Pieńkowski et al. 2016). This warming is associated with a ‘pre-
cursor’ carbon isotope excursion (Hesselbo & Pieńkowski 2011; Pieńkowski et al. 2016). The base of
the Ciechocinek Formation is a transgressive surface of regional extent, recognized in a number of
boreholes across the Polish Basin. In Germany, this transgressive surface is indicated by an increasing
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marine influence and a significant grain-size decrease to silt and clay (cored wells Zechlinerhütte
1A/65 (Zimmermann et al. 2015) and Neubrandenburg 1/82). Following this retrogradational stacking
pattern, dark-grey to black laminated shales (with Lower Toarcian index ammonites (Zechlinerhütte
1A/65: western Skåne, Usedom area) and Posidonia shale index molluscs (Barth 10/65 and Neub-
randenburg 1/82)) were deposited during the maximum flooding phase. This phase occurred in the
upper part of the Tenuicostatum Chronozone, which can be inferred from the reported ammonites
Dactylioceras cf. semicelatum and Dactylioceras cf. tenuicostatum (Reyment 1959; Hoffmann & Martin
1960), and Lobolytoceras siemensi, Dactylioceras semicelatum and Eleganticeras pseudoelegans (Ernst 1986),
plus the upper range of the dinoflagellate cyst Luehndea spinosa (Barski & Leonowicz 2002; Pieńkowski
2004). This first-order flooding event had a global impact (Haq et al. 1987; Hallam 1988; de Graciansky
et al. 1998; Jacquin et al. 1998; Pieńkowski 2004), and was accompanied by fundamental environmental
and climatic perturbations (Rogov & Zakharov 2010; Suan et al. 2010; Korte & Hesselbo 2011; van de
Schootbrugge et al. 2013; Pieńkowski et al. 2016). Superimposed on these second- and third-order sea-
level cycles are subordinate fourth-order cycles. As such, the Lower Toarcian sequence (Ciechocinek
Formation) is subdivided into five or up to seven parasequences: VIIIa, b, c, d, e, f and g, representing
5–20 m-thick shallowing-upwards progradational cycles (Pieńkowski 2004; Pieńkowski et al. 2016).
These parasequences were correlated with carbon isotope cycles, standard biostratigraphical divisions
and published orbital cycles (Hesselbo & Pieńkowski 2011; Pieńkowski et al. 2016). In most cases, but
not all, the steps in the carbon-isotope curves (correlated with the obliquity orbital cycles [after Boulila
et al. 2014] or short eccentricity cycles [Huang & Hesselbo 2014]) occur at flooding surfaces at the top
of each parasequence. Enhanced sediment delivery, related to increased rainfall and temperature,
distort, in higher parasequences, the match between flooding surfaces and carbon isotope steps,
particularly at points of sediment delivery, such as river mouths. Nevertheless, stepwise progradation
and marked shallowing of the basin is approximately coeval with the onset of the T-OAE and a major
stepwise disturbance in the carbon cycle, observed both in oceanic and atmospheric systems (Hesselbo
& Pieńkowski 2011; Pieńkowski et al. 2016). The basinwide extent of all these parasequences indicates
the dominance of regional-scale (Pieńkowski 2004), rather than local-scale, processes. This suggests
that autocyclic processes, such as delta lobe switching, are of secondary importance. Exact correlation
of this internal depositional architecture, observed in the Polish Basin, could be tentatively compared
with the cyclicity observed in the German Posidonia shales within the Tenuicostatum–Serpentinum
age (Röhl et al. 2001), provided that fourth-order, orbital cycles are distinguished in Germany.
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5.6 Discussion
5.6.1 Controls and hierarchies of sequences: discrepancies between sea-level records across
the CEB
The sequences described above are based on two approaches: first, the time-constrained (ammonite
chronozone and subchronozone) advance and retreat of fully marine environments; and, secondly,
the material-dependent (e.g. lithology, grain-size, biofacies) stratal-pattern architecture of sandy
sedimentary deposits. The advance and retreat of marine environments are accompanied by ret-
rogradational and progradational stratal architectures, and the inferred shift of shorelines vary
within distances of 100–500 km in time steps of 1–3 myr. The spatial and temporal fluctuations of the
shoreline correspond to third-order sequences (Hallam 2001). This is further constrained by dark
clay-rich deposits and marine faunas associated with fully marine environments. The identification of
sequence stratigraphic bounding surfaces with ammonite subchronozone biostratigraphic resolution
in the CEB was achieved for four sequences (He1, Pli1, Pli2 and Toa1). The Hettangian and Toarcian
transgressions (possibly, also, the Early Pliensbachian event) were rapid: for example, the Hettangian
transgression, in particular, is associated with a shoreline shift of more than 100 km in approximately
0.1 myr (Hesselbo et al. 2004). In addition, the Early Toarcian is associated with rapid flooding, with a
shoreline advance of several hundreds of kilometres (towards the east) within less than 1.5 myr.
Special emphasis should be put on the sequence stratigraphic correlation between marine and
nonmarine (marginal-marine and continental) facies. The sequence stratigraphic correlation should
be aimed at determining the correlative significances and ages of key surfaces and derived sea-
level curves. Such correlations in the Early Jurassic section were performed in the Polish Basin
(Pieńkowski 1991a, 2004) and Danish–Swedish Basin (Pieńkowski 1991a; Surlyk et al. 1995; Nielsen
2003), and herein extended by correlation with the largely marine German Basin. Proper hierarchy of
local cycles, parasequences, systems tracts and sequences can be achieved only by careful regional
analysis, supported by chemostratigraphic, palynological and clay mineral analyses. The stratigraphic
significance of the transgressive surfaces is enhanced if they are coupled with their continental
correlatives. Particularly important are correlatives of transgressive surfaces, which are documented
in the Danish Basin and Polish Basin (Surlyk et al. 1995; Pieńkowski 2004).
It is important to discuss similarities and discrepancies between this work and other published
schemes in adjacent regions. Of note is the similarity between sea-level fluctuations observed in the
German–Polish Basin and in England (Dorset and Yorkshire) (Hesselbo & Jenkyns 1998). In addition,
similarities occur between inferred sea-level fluctuations in the German–Polish Basin (Pieńkowski
2004) and the sequence order (Ligurian Cycle – Boreal realm) from France (de Graciansky et al. 1998)
and Denmark (Michelsen et al. 2003; Nielsen 2003). However, comparison to published Tethyan
cycles illustrates major discrepancies in the Pliensbachian (e.g. Jacquin et al. 1998; Gradstein et al.
2012). Recently, Bougeault et al. (2017) presented climatic and palaeoceanographical changes during
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the Pliensbachian, inferred from clay mineralogy and stable isotope analysis from the NW Tethyan
domain, specifically the Paris Basin. Their conclusions are based on clay mineral characteristics,
caused by emersion or flooding of the emerged areas, chiefly reworking sediments from the London–
Brabant Massif. These emersion–flooding events are compared to the Tethyan second-order cycles
and show (contrary to the Boreal cyclicity and some of the work presented in this paper) that a
major sea-level fall occurred between the Jamesoni and Ibex chronozones, while the Davoei and
Margaritatus (Stokesi) chronozones are characterized by sea-level highstands. All these sea-level
changes are postulated to be linked to glacioeustasy (Bougeault et al. 2017). The current authors
believe that glacioeustasy is a major forcing mechanism behind frequent and pronounced sea-level
fluctuations, particularly in Late Pliensbachian times (see subsection 5.5.2). However, this study
shows reversed sea-level trends, which seems to be inconceivable in the scale of one European Basin.
Bougeault et al. (2017) based their conclusions on the evolution of one particular provenance area –
the London–Brabant Massif. However, the interpretation of eustatic changes from the rock record is
a complex and controversial topic. The dilemma as to which changes can be ascribed to global forcing,
and which only to regional-scale processes, is not resolved (for a discussion see Cloetingh et al. 1985;
Miall 1986, 1992; Zimmermann et al. 2015; van der Meer et al. 2017). Provisionally, a method to reconcile
results from England, Denmark and the CEB to the Paris Basin is to invoke local tectonics (differential
emersion and submersion) of the London–Brabant Massif. This is similar to the process observed
at the Wielkopolska Ridge (Dadlez & Franczyk 1976). The London–Brabant Massif (even assuming
its denudation) stands out in its evolution against other elevated ‘island’ areas – our reconstruction
point that the Rhenish and Bohemian Massifs were little affected by the sea-level changes (Figs 5.6–
5.8), similarly to the Grampian and Armorican massifs. Also, the role of hydraulic cycle, runoff
and enhanced delivery of sediments can explain some discrepancies between the ‘eustatic’ trend
and the observed shifts in the proximity of the coastline, such as retrogradational–progradational
events (i.e. the Toarcian example described above: see Pieńkowski 2004; Hesselbo & Pieńkowski 2011).
Reconciliation of these particular discrepancies between sea-level cycles, particularly in Pliensbachian,
will need further studies. It is possible that the resolution of currently available stratigraphic tools is
not sufficient in terms of the identification of high-frequency hypothetical glacioeustatic sea-level
changes in Pliensbachian times.
5.6.2 Significance of climate-controlled fourth-order sequences
Although marine currents and circulation systems may explain the advance and retreat of marine
environments, they would not explain the coeval retrogradational and progradational stratal architec-
tures. Sediment delivery plays a significant role, particularly during periods of enhanced hydraulic
cycle, weathering and erosion, commonly associated with warmer and more humid conditions. Con-
cerning second- and third-order cycles, two mechanisms played the most prominent roles: that is,
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pronounced rifting/volcanic processes (possibly active during the Early Hettangian, which is in the
initial phase of Pangaea break-up and activity of the Central Atlantic Magmatic Province: see van der
Meer et al. 2017); and/or glaciations (indicated as major agents of frequent sea-level changes in the
Late Pliensbachian). The frequently occurring shoreline advances of several hundreds of kilometres
(mfs He1 and mfs Toa1) within periods of some 100 kyr to about 1.5 myr accounts for strong climatic
turnovers (i.e. building and melting of polar ice caps, respectively). A Jurassic polar glaciation, prob-
ably of recurrent character (e.g. Price 1999; Suan et al. 2010; Korte & Hesselbo 2011; Bougeault et al.
2017), was most likely to have been responsible for the sea-level changes in Late Pliensbachian times,
and may explain the high-amplitude and highfrequency shoreline shifts. Rapid and pronounced
sea-level fluctuations recorded in the Polish part of CEB can also be best explained by recurrent
glaciations and deglaciations. Abundant occurrences of Upper Pliensbachian (Spinatum Chronozone)
glendonites (Lower Saxony Basin (Teichert & Luppold 2013), KSS 5/66 (Zimmermann et al. 2015) and
Barth 10/65 (this study)) tend to support the presence of glaciations in the polar regions (Rogov &
Zakharov 2010). Teichert & Luppold (2013) raised the question of whether, instead of near-freezing
temperatures (their estimation was based on δ18O pointed to a bottom-water temperature of about
10°C), methanotrophic sulphate reduction was instead the key geochemical process in the near sea-
floor sediments leading to ikaite precipitation at the palaeosulphate–methane interface. It should be
pointed out that the palaeotemperatures measured solely from δ18O are less reliable than those based
on clumped isotopes (Eiler 2007). Here the authors, based on the current scientific quorum and the
wide distribution of glendonites in Upper Pliensbachian strata, tend to support a glacial hypothesis.
It is recognized that more subtle climatic changes related to Milankovitch cyclicity could also
influence sedimentation patterns, as has been indicated for Hettangian and Pliensbachian strata in
the UK (Ruhl et al. 2010, 2016), and for the Lower Toarcian strata in UK, France and Poland (Kemp
et al. 2005; Suan et al. 2010; Hesselbo & Pieńkowski 2011; Boulila et al. 2014; Huang & Hesselbo 2014;
Pieńkowski et al. 2016). However, the distinction of a fourth or even subordinate cycles needs to
have continuous profiles, with the application of multidisciplinary, high-resolution bio-, chemo- and
astrochronological methods.
5.6.3 Opening of marine gates in SE Poland and the connection to the Tethys
The relative abundance of marine fauna in the Holy Cross Mountains (SE Poland) is governed by sea-
level highstands (e.g. during maximum flooding in the Liasicus, Jamesoni–Ibex and Tenuicostatum–
Serpentinum chronozones) and may be linked to an opening of a SE connection to the Tethys. Some
authors (Karaszewski & Kopik 1970; Pieńkowski 2004) suggested the possibility of an early southern
connection with the Tethys in the Hettangian. Additionally, the presence of dinoflagellate cyst Li-
asidium variabile (or its close precursor) in Hettangian deposits correlated with the Liasicus mfs in
Gorzów Wielkopolski (P. Gedl pers. comm.; Pieńkowski 2004) might yield some circumstantial evid-
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ence for intermittent connections between the Tethys and the Mid-Polish Trough. Liasidium variabile
has also been identified in slightly younger, Upper Hettangian strata of SW Germany (Brenner 1986).
However, this palynomorph is not found in the North Sea Basin earlier than the Upper Sinemurian
(Poulsen & Riding 2003). The early appearance of this palynomorph in the eastern part of CEB might
suggest that Liasidium variabile (or its close precursor) migrated from the Tethys to the west via an
intermittent seaway along the Mid-Polish Trough. This would explain the diachronous appearance of
this palynomorph between the Mid-Polish Trough and the western CEB and North Sea Basin. How-
ever, all direct connections between the Mid-Polish Trough and the Tethys via the Silesian–Moravian
or the East Carpathian gate remain hypothetical due to absent, or thin, Lower Jurassic epicontinental
deposits in southern and SE Poland (Moryc 2005). This absence can be explained by later erosion, but
also bio- and lithofacies become more proximal towards the SE, which suggests the closure of the
Polish Basin in that direction (Pieńkowski 2004).
5.6.4 Application to reservoir identification, hydrocarbon exploration and CO2 sequestration
The results of this study provide essential information for reservoir studies in Germany and Poland
as the identified third-order transgressions are traceable basinwide and extend far towards the east
in the Polish Basin. The spatial extent of the reconstructed biofacies provides a basic framework for
further reservoir exploration. Depending on the location of the target area, specific flooding surfaces
can be determined either using marine microfossils (ostracods or foraminifera in the case of marine–
brackish biofacies) or palynology (marine phytoplankton in the case of brackish–aquatic biofacies).
This information can be directly utilized during drilling and exploration campaigns. Results also
demonstrate that third-order regressions are associated with the progradation of sand-bearing units
of up to 80 m net sand thickness (Pieńkowski 2004; Zimmermann et al. 2015). Sandy successions are
associated with shoreface, delta front, delta plain and fluvial plain depositional environments (Pień-
kowski 2004; Zimmermann et al. 2015; Barth et al. 2018; Zimmermann et al. 2018); hence, potential
target areas are limited to marine–brackish, brackish–aquatic and continental biofacies. Marine–
brackish biofacies of regressive phases comprise shoreface sands, delta front bars and terminal
distributary channel deposits, which are characterized by fine-grained, well to moderately well-sorted
sandstones with porosity and permeability values of 15–25 % and 200–700 mD, respectively (Wolf-
gramm et al. 2008), although shaly intercalations may occur and may buffer vertical flow in places
(Olariu et al. 2012). Brackish–aquatic biofacies comprise deltaic distributary channel, crevasse splay,
levee and sheet sands deposits of medium-grained and moderately sorted composition with generally
high porosity and permeability values of 20–30 % and 500–1500 mD, respectively (Wolfgramm et al.
2008). Continental biofacies comprise mostly fluvial-associated environments (Pieńkowski 2004).
High resolution sequence stratigraphy, verified by chemostratigraphical correlation based on δ13C
isotope correlation, proved that one of key sealing units, the Lower Toarcian Ciechocinek Formation
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composed of clayey-muddy rocks with sandstone intercalation, is consistent in terms of its lithology
and spatial extent over the larger part of the Polish Basin and provides an excellent, regional seal
(Hesselbo & Pieńkowski 2011). The origin of such favourable properties is attributed to climatic
conditions (super greenhouse conditions on land) during the Toarcian Oceanic Anoxic Event (T-OAE)
and a sea-level high stand at that time. Moreover, similar conditions occurred four times during the
Early–Middle Jurassic times, creating additional regionally correlatable seals in large parts of the
Polish Mesozoic epicontinental basin. In terms of potential CO2 sequestration, this can enable tiered
sequestration methods, using several reservoir-seal pairs, and thus allowing much more voluminous
and effective storage of CO2 and methane (for economic purposes) in selected structures (Pieńkowski
2015). Similar properties can be expected in eastern Germany.
Additionally, the results presented herein can help to better understand hydrocarbon resource
potential. Besides well-known black shales of Lower Toarcian (Song et al. 2015), some results show that
source rocks may also occur in other parts of the Lower Jurassic sections in the CEB. Marine flooding,
enhanced productivity and anoxia resulting in marine kerogen-rich shales (Suan et al. 2010; van de
Schootbrugge et al. 2013) were not limited to the West European Basin, but for some brief periods
extended further to the centre of the Polish Basin. Such events occurred in the Hettangian (twice – in
the Planorbis and Liasicus chronozones), the Late Sinemurian (the Obtusum–Oxynotum Chronozone)
and the Early Pliensbachian (Jamesoni–Ibex Chronozone). Conditions occurring in narrow marine
embayments in central Poland during rapid sea-level rises were conducive for eutrophication and
anoxic episodes, resulting in the formation of black shale intervals with elevated total organic carbon
(TOC) and the presence of marine kerogen. The intervals with source rocks occur only in thin (up
to 4–7 m-thick) intercalations and further investigation would be needed to confirm if such source
rocks attain higher thickness elsewhere. However, the upper part of the Lower Toarcian of the Polish
Basin (upper Ciechocinek Formation, coeval to the Posidonia shales) is severely depleted in organic
matter due to enhanced, fungal-mediated decomposition of terrestrial organic matter on land during
extreme greenhouse conditions coeval with the T-OAE (Pieńkowski et al. 2016).
5.7 Conclusions
Cross-border facies transects within a Lower Jurassic stratigraphic framework allowed spatial cor-
relation of different environments across the epicontinental German and Polish Basin and for the
mapping of various palaeogeographical time slices. The high resolution of Jurassic ammonite bio-
stratigraphy allows, in most cases, good calibration of sequence boundaries in the western (German)
part of CEB, while data from the shallower eastern (Polish) part of CEB help in the recognition of the
magnitude, lateral extent and frequency of sea-level fluctuations.
Results illustrate that third-order flooding events can be constrained to the NW European ammon-
ite Zone to Subzone level and are traceable basinwide towards the eastern Polish Basin. Maximum
162
5.7 Conclusions
flooding occurred in the Early Hettangian Johnstoni Subchronozone, the Middle Hettangian Liasicus
Chronozone, the Early Sinemurian Semicostatum Chronozone, the Late Sinemurian Obtusum–
Oxynotum Chronozone, the Early Pliensbachian Jamesoni–Ibex Chronozone, the Late Pliensbachian
Subnodosus–Apyrenum Subchronozone and the Early Toarcian Tenuicostatum–Serpentinum Chro-
nozone. Corresponding third-order regressions are accompanied by progradational stratal archi-
tectures, and culminated in the Early Hettangian Planorbis Subchronozone, the Late Hettangian
Angulata Chronozone, the Early Sinemurian Turneri Chronozone, the Late Sinemurian Raricostatum
Chronozone, the Late Pliensbachian Stokesi Subchronozone and the Hawskerense Subchronozone.
The regressive phases triggered the progradation of fluvial to deltaic depositional environments, and
comprise thick sandy potential reservoirs for hydrocarbon, geothermal and sequestration usage.
Changes in ocean and atmosphere dynamics, associated with rapid shifts from icehouse to green-
house conditions, may have repeatedly contributed to the spread of anoxic bottom-waters and biotic
crises (Suan et al. 2010; van de Schootbrugge et al. 2013). Our interpretation indicated that several
maximum flooding surfaces are associated with a wider distribution of organic-rich shales which
also have potential as oil-rich source rocks.
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6 Hydrothermale Reservoire der Exter-Formation
(Rhätkeuper, Obere Trias)
6.1 Geothermische Anlagen im Norddeutschen Becken
Von den mesozoischen Hauptreservoiren, die im Norddeutschen Becken (NDB) für die Geothermie
erschlossen werden können, kommt dem sog. Rhät-Lias-Aquiferkomplex eine besondere Bedeutung
zu (Abb. 6.1): Denn die hochmaturen Sandsteine, die im Rhät, Hettang und Sinemur zur Ablagerung
gekommen sind, erreichen hohe Mächtigkeiten und liegen in einer durchschnittlichen Tiefe, in der für
geothermische Anwendungsgebiete ausreichend hohe Temperaturen vorherrschen bzw. zu erwarten
sind. Gleichzeitig sind die Sandsteine in dieser Tiefe in den meisten Fällen von diagenetischen
Einflüssen (Porenraum-Verringerung) nur unwesentlich beeinträchtigt.
Im NDB wird der Rhät-Lias-Aquiferkomplex bereits von mehreren geothermischen Anlagen ge-
nutzt (Tab. 6.1). Einige von ihnen arbeiten bereits seit Jahrzehnten und versorgen umliegende Gebiete
mit Wärme und Elektrizität. Die geothermische Heizzentrale bei Waren wurde 1984 installiert und
ist die älteste ihrer Art in Deutschland. Eine ausführliche Liste der im NDB genutzten geothermi-
schen Anlagen gibt Franz et al. (2018a). Obwohl die Wirtschaftlichkeit langjährig betriebener Anlagen
in zahlreichen Projekten belegt ist, scheitern auch heute noch viele Vorhaben an ungenügenden
Kenntnissen des geologischen Untergrunds.
Bedingt durch typische Ablagerungssysteme des Mesozoikums (fluvial, deltaisch) kann nicht von
Tabelle 6.1: Geothermische Anlagen im Norddeutschen Becken (nur Rhät und Lias, Auswahl). Verändert nach
Franz et al. (2018a).
Ort (Bundesland) Reservoir Tiefe Temperatur
Waren (MV) Rhät 1540 m 61°C
Neustadt-Glewe (MV) Rhät 2250 m 99°C
Velten (BB) Hettang 1550 m 63°C
Neubrandenburg (MV) Rhät 1250 m 53,4°C
Bad Wilsnack (BB) Rhät 1000 m 39,1°C
Belzig (BB) Rhät 730 m 27°C
Templin (BB) Hettang 1620 m 67,3°C
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6.1 Geothermische Anlagen im Norddeutschen Becken
einer beckenweiten oder zumindest flächenhaften Verbreitung klastischen Materials in ausreichen-
der Mächtigkeit ausgegangen werden. Sowohl Flusssysteme als auch Deltas transportierten (und
transportieren) ihre Sandfracht entlang von Flussrinnen bzw. deltaischen Verteilerrinnen, von denen
trotz ihrer scharfen Abgrenzung (vgl. Abb. 6.3 bis 6.5) die höchste Reservoirqualität zu erwarten ist
(Abb. 6.2). Auf der Überflutungsebene des Flusses oder Deltas sowie an der Deltafront kommt es
in Form von Schichtsanden und deltaischen Mündungsbarren zu einer vergleichsweise flächenhaf-
ten Verbreitung von sandigem Material, das sich aber einerseits durch Beimengungen von Schluff
und Ton, andererseits durch geringe Mächtigkeiten auszeichnet, sodass diese Ablagerungen für
geothermische Vorhaben nicht genutzt werden können.
Insbesondere in älteren Darstellungen (z. B. Diener et al. 1977, 1984) werden Mächtigkeit, Verbrei-
tung und Lithofazies der Oberkeuper-Ablagerungen vergleichsweise stark abstrahiert ausgewiesen,
oder mit den Ablagerungen des Unteren Jura (Hettang, Sinemur) zusammen dargestellt. Durch eine
damals noch nicht ausreichend genaue Möglichkeit der Zuordnung einzelner Sandkörper zu einer
bestimmten Formation bzw. der Korrelation von Sandkörpern gleichen Alters und gleicher Genese
entwickelte sich ein verzerrtes Bild der tatsächlichen Verbreitung nutzbarer Sandsteine. Eine genaue
Kenntnis der Lage, Tiefe und Mächtigkeit der Verteilerrinnen ist daher für die Prognose der für
Geothermie geeigneten Gebiete unerlässlich.
Die Verbreitung, Mächtigkeit und Fazies der sog. Unteren Exter-Formation werden detailliert
in Abschnitt 3 (Seite 55) der vorliegenden Arbeit dargestellt, während das geothermische Potential
der Oberen Exter-Formation in Franz et al. (2018a) beschrieben wird. Auf Grundlage dieser Daten
wurden hochauflösende Untergrund-Fazieskarten erstellt und schließlich in Reservoirqualitätskarten
überführt (Abschnitt 6.2), sodass eine standortbezogene Prognose für diese Horizonte im NDB
möglich wird.
Als Beispiel für die Bedeutung der hochauflösenden Untergrund-Fazieskarten für die Exter-Forma-
tion soll ein aktuelles Geothermie-Projekt im NDB genannt werden. In Schwerin (Lankow) traf die erst
2018 abgeschlossene Bohrung Gt S 6/2017 in einer Tiefe von ca. 1200 m den Contorta-Sandstein und
zwischen ca. 1250–1300 m den Postera-Sandstein (beide Rhätkeuper) an. Für dieses Vorhaben wurde
konkret auf die Prognosekarten zurückgegriffen, die im Zuge des Sandsteinfazies-Projekts erstellt
worden waren. Eine anhand bekannter Bohrungen im Raum Schwerin vorhergesagte, NE-SW ausge-
richtete Rinnenstruktur galt als Vorlage bei der Standort-Festlegung dieser neuen Bohrung (Abb. 6.4).
Wie die ersten hydraulischen Tests und Analysen der gekernten Abschnitte der Reservoir-Sandsteine
zeigen, wurde sowohl eine höhere Mächtigkeit als erwartet (ca. 50 m), und eine höhere Temperatur
des Schichtwasssers als erwartet (ca. 56°C) angetroffen. Auch die geohydraulischen Parameter (Poro-
sität, Permeabilität) lassen keine Zweifel, dass es sich um ein Reservoir von hervorragender Qualität
handelt. Anhand dieser Erkenntnisse wird in naher Zukunft eine 2. Bohrung niedergebracht werden,
die als Förder- oder Injektionsbohrung dienen soll (vgl. Abb. 6.2).
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Abbildung 6.2: Konventionelle Nutzung eines hydrothermalen Reservoirs im Norddeutschen Becken mithilfe
einer sog. Dublette (verändert nach Rockel et al. 1997). Für ihren Betrieb ist ein Produktivitätsindex von
mindestens 50 m3/h × MPa erforderlich, der eine Reihe weiterer Faktoren voraussetzt, darunter Bohrloch-
Durchmesser, die Reservoir-Tiefe und Salinität. Rechts unten im Bild finden sich die Minimal-Parameter des
Reservoirs, die für eine angemessere Produktivitätsrate vorausgesetzt werden. Aus Franz et al. (2018a).
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6.2 Reservoirqualität der Exter-Formation
Auf Grundlage der faziellen Rekonstruktionen der Exter-Formation (Abschnitt 3.6.4 auf Seite 70;
Franz et al. 2015b, 2018a) können unter Berücksichtigung geohydraulischer Parameter Reservoir-
qualitätskarten abgeleitet werden, die sich in vereinfachter Weise mit drei Farben darstellen lassen
(Abb. 6.3–6.5). Demzufolge steht Grün für eine hohe, Gelb für eine mittlere und Rot für eine niedrige
Reservoirqualität.
Eine hohe Reservoirqualität (grüne Flächen) ist charakterisiert durch kompakte Sandsteine mit
einer Mächtigkeit von über 20 m. Sie entsprechen der Verbreitung der Faziesassoziationen »fluvialer
Schwemmfächer« (Untere Exter-Formation) sowie »deltaische Verteilerrinne« und »Mündungsbarre«
(Obere Exter-Formation).
Eine mittlere Reservoirqualität (gelbe Flächen) wird kompakten Sandsteinen mit einer Mächtig-
keit zwischen 10 und 20 m zugeschrieben, die sich den Faziesassoziationen »fluvialer Schwemmfä-
cher«/»Schichtsand« (Untere Exter-Formation) sowie »deltaische Verteilerrinne«, »distale Uferdeich-/
Deichbruchsande«, »Mündungsbarre« und »Schichtsand« (Obere Exter-Formation) zuordnen lassen.
Mit roten Flächen werden Bereiche einer geringen Reservoirqualität beschrieben. Die Mächtigkeit
kompakter Sandsteine beträgt in diesen Gebieten unter 10 m.
Zusätzlich wurde auf den Potenzialkarten für die Untere Exter-Formation (Abb. 6.3 und 6.4) ein
grau gefärbter Bereich ausgehalten, den die sog. Siliziklastische Küste einnimmt (Abschnitt 3.6.1 auf
Seite 63); ein Bereich, der eine eingeschränkt nutzbare Reservoirqualität bedeuten könnte.
Die Reservoirqualitätskarten sind ausführlich dargestellt und beschrieben in Franz et al. (2015b,
2018a) sowie im GeotIS-Projekt. Sie sollen an dieser Stelle in zusammengefasster Form wiedergegeben
werden.
6.2.1 Untere Exter-Formation: Reservoire A und B
Entsprechend ihrer Genese können im Rhätkeuper und den Rhät-Lias-Übergangsschichten mehrere
Reservoir-Horizonte zusammengefasst werden. Sie tragen die Bezeichnungen A bis F (Abb. 6.1).
Die Reservoire A (Abb. 6.3) und B (Abb. 6.4) entsprechen den sandigen Hauptreservoiren der
Unteren Exter-Formation II und III, d. h. kompakte Sandsteine mit Mächtigkeiten von mehr als 20 m,
welche im wesentlichen in Form fluvialer Schwemmfächer abgelagert worden sind (siehe Abschnitt
3.6.4 auf Seite 70). Bedingt durch den Ablagerungsprozess sind die Reservoire der Unteren Exter-
Formation auf den östlichen Teil des NDBs beschränkt. Aus der Unteren Exter-Formation I sind
keine Sandstein-Reservoire bekannt.
Für die sandigen Abschnitte der Unteren Exter-Formation II und III stehen insgesamt 553 Porosi-
tätswerte (alte Daten aus Kernuntersuchungen und neue Daten aus Kernproben der Jahre 2011/2012)
und 257 Permeabilitätswerte zur Verfügung. Diese Daten sollen getrennt nach Stratigraphie und
Lithofazies-Assoziation (siehe Abschnitt 3.6.1 auf Seite 63) ausgewertet werden.
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Abbildung 6.3: Reservoirqualität-Karte für das Reservoir A (Untere Exter-Formation II). Die Bereiche mit einer
voraussichtlich hohen Reservoir-Qualität erstrecken sich im Südwesten und Süden der Insel Rügen und des
Darß, entlang eines N–S ausgerichteten Rinnengürtels über den mittleren Teil Mecklenburg-Vorpommerns,
und nach Süden bis ins nördliche Brandenburg. Reservoirqualität nur für das deutsche Staatsgebiet einge-
färbt.
170
6.2 Reservoirqualität der Exter-Formation
Abbildung 6.4: Reservoirqualität-Karte für das Reservoir B (Untere Exter-Formation II). Bereiche hoher Reser-
voirqualität erstrecken sich in Form von Rinnengürteln ähnlich wie in Abb. 6.3, jedoch weiter nach SW bis
Hamburg. Reservoirqualität nur für das deutsche Staatsgebiet eingefärbt.
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Untere Exter-Formation II
• Durchschnittliche Porosität
– 20,9 % (n = 333) für fluviale Rinnen
– 20,5 % (n = 38) für fluviale Schichtsande
• Durchschnittliche Permeabilität
– 930,5 mD (n = 155) für fluviale Rinnen
– 711,5 mD (n = 20) für fluviale Schichtsande
Untere Exter-Formation III
• Durchschnittliche Porosität
– 25,3 % (n = 333) für fluviale Rinnen
– 19,5 % (n = 38) für fluviale Schichtsande
• Durchschnittliche Permeabilität
– 577,4 mD (n = 155) für fluviale Rinnen
– 320,0 mD (n = 20) für fluviale Schichtsande
Sowohl die durchschnittliche Porosität als auch Permeabilität sind in beiden Reservoiren (A und B)
hoch und erfüllen die Mindestanforderungen für den Betrieb einer hydrogeothermischen Anlage
(siehe Abb. 6.2). Die geohydraulischen Messwerte der Schichtsand-Fazies sind mit denen fluvialer
Rinnen vergleichbar (siehe oben). Da ihre Mächtigkeit jedoch oft nur wenige Meter erreicht (eine
Mindestmächtigkeit von ca. 20 m ist erforderlich), sind sie für die geothermische Nutzung nicht
geeignet.
Am Standort Neubrandenburg werden die Reservoire A und B bereits tiefengeothermisch genutzt
(Abb. 6.3 und 6.4, Tab. 6.1). Für den Standort Schwerin-Lankow (siehe Abschnitt 6.1) soll ebenfalls das
Reservoir B genutzt werden (Abb. 6.4).
6.2.2 Obere Exter-Formation: Reservoire C bis F
Die sandigen Abschnitte der Oberen Exter-Formation sind an die Entwicklung eines Delta-Komplexes
gebunden und werden als Reservoire C bis F bezeichnet (Abb. 6.5). Dabei entsprechen die Reservoire
C und D dem sog. »Contorta-Sandstein«, der in den Contorta-Schichten bzw. dem Mittelrhät (nach
älterer Gliederung) ausgebildet ist. Der sog. »Triletes-Sandstein« der Triletes-Schichten (Oberrhät)
wird gleichgesetzt mit Reservoir E. Schließlich tritt Reservoir F im Rhätolias auf (vgl. Abb. 6.1).
Die Reservoire C bis F werden nacheinander im selben deltaischen Komplex gebildet und abgelagert.
Eine zeitliche Reihenfolge ist durch Anwendung der Palynostratigraphie rekonstruierbar, wonach
einzelne deltaische Rinnengürtel einer jeweiligen palynostratigraphischen Zone zugeordnet werden
können (Abb. 6.6, Franz et al. 2018a).
Zunächst wurden der sog. Neustadt-Glewe- und Teile des KSS-5-Komplexes (= Reservoir C) wäh-
rend der mittleren Rhaetipollis-Limbosporites-Zone abgelagert (Abb. 6.6). Durch eine Verlagerung der
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Abbildung 6.5: Reservoirqualität-Karte für die Reservoire C bis F (Obere Exter-Formation inkl. Rhätolias) =
Rhät-Hauptreservoir. Reservoirqualität nur für das deutsche Staatsgebiet eingefärbt.
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deltaischen Ausbildung in nordwestliche Richtung kam es zur Ablagerung des sog. Rødby-Komplexes
(= Reservoir D) während der oberen RL-Zone. Anschließend verlagerte sich die deltaische Sedimenta-
tion weit nach Osten, wo entlang der Deutsch-Polnischen Grenze der sog. Gartz-Komplex (= Reservoir
E) während der Ricciisporites-Polypodiisporites-Zone sedimentiert wurde. Zuletzt wurden Abschnitte
des KSS-5-Komplexes (= Reservoir F) während der Deltoidospora-Concavisporites-Zone im Rhaetolias
abgelagert (vgl. Abb. 6.6).
Die Rekonstruktion eines phasenweise gebildeten Deltas gibt Einblick in einen hochdynamischen
Ablagerungsraum, wie er zur Zeit des Oberen Keuper und Trias-Jura-Übergangs im östlichen Teil des
NDBs bestanden hat. Das Delta folgt damit den gleichen Ablagerungsprinzipien (z. B. Versatz der
Transportrichtung nach Auffüllung eines Sedimentationszentrums) wie sie auch in rezenten Deltas
(z. B. Mississippi-Delta) beobachtet werden können.
Die deltaischen Verteilerrinnen besitzen (ebenso wie die proximalen Deichbruchfächer-Ablagerungen
und Mündungsbarren) eine grundsätzlich hohe Reservoirqualität, die stellenweise durch einen Anteil
tonigen Materials herabgesetzt sein kann. Eine mittlere (geothermische) Reservoirqualität wird
für die umgebenden Faziesbereiche der sog. Zwischenrinnenfazies (Überflutungsebene des Deltas,
Schichtsande) erwartet. Obwohl sich die Sandsteine der Schichtsand-Ablagerungen durch gute Poro-
sitäten und Permeabilitäten ausweisen, ist eine wirtschaftliche Nutzung aufgrund von Mächtigkeiten
kleiner als 10 m nicht möglich. Eine geringe (geothermische) Reservoirqualität kann für die distal
gelegenen Bereiche des Deltas (= Delta-Front und Prodelta) angenommen werden. Dies gilt insbe-
sondere für NW-Deutschland. Eine detaillierte Beschreibung über die Verteilung, Mächtigkeit und
Ablagerungsbedingungen der Oberen Exter-Formation gibt Franz et al. (2018a).
Die rekonstruierte Mächtigkeit der sandigen Faziesgürtel der Oberen Delta-Ebene variiert durch-
schnittlich zwischen 10 und 30 m (lokal bis 70 m im nördlichen Brandenburg, im Zusammenhang
mit halokinetisch bedingten Senken) (Abb. 6.5). Basierend auf empirischen Formeln zur Berech-
nung der Breite von Rinnengürteln (Olariu & Bhattacharya 2006) kann eine theoretische Breite der
Einzelrinnen von bis zu 2 km abgeleitet werden (vgl. Abb. 6.6).
Die Reservoire der Oberen Exter-Formation erreichen eine weitere Verbreitung als jene der Unteren
Exter-Formation (Vergleich Abbildungen 6.3 bis 6.5). Die Gebiete mit der höchsten (geothermischen)
Reservoirqualität liegen im südlichen Schleswig-Holstein, Mecklenburg-Vorpommern, dem nördli-
chen Brandenburg und teilweise im östlichen Niedersachsen (Abb. 6.5).
Die Reservoire C (Standort Neustadt-Glewe) und F (Standort Waren) werden tiefengeothermisch
bereits genutzt (Abb. 6.5, Tab. 6.1).
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